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SUMMARY
The dissertation describes a study of the catalytic hydrode- 
sulphurisation (hds) reaction over a series of lithium added cobalt- 
molybdate catalysts supported on y-alumina. Attempts have been made 
to interpret the change in catalytic activity in terms of the results 
of physico-chemical studies on a series of different catalyst prepara­
tions. Studies on the kinetics of hds of thiophene were also under­
taken on two catalysts having different atomic ratios of lithium and 
cobalt (Li/Co = 0.0; Li/Co = 1.63).
A continuous flow tubular fixed-bed microcatalytic reactor at 
400° C and atmospheric pressure was employed to study catalytic 
activities. It was found that small lithium additions to the cobalt- 
molybdate catalyst increased the catalytic activity. Results also 
indicated that lithium addition to the hds catalyst affects the isomérisa­
tion of but-l-ene which occurs simultaneously with hydrogenolysis.
Various characterisation techniques were also applied to the 
lithium series of catalysts. Among them, physisorption and electron 
spin resonance (e.s.r.) spectroscopic studies were found to be the 
most useful. Characterisation by physisorption indicated that, for 
catalysts with low lithium content (Li/Co ^  6.53), the surface area and 
the pore structure were not significantly altered. However, for 
catalysts with higher lithium contents the surface area decreased sharply. 
The results of e.s.r. studies indicated that lithium addition to the 
cobalt-molybdate catalyst affects the reducibility of molybdenum and a 
correlation was observed between the catalytic activity and the reducibility.
The chemical kinetics of hds of thiophene were also studied in a 
tubular differential reactor at atmospheric pressure and in the 
temperature range 260-320° C. The hds of thiophene was found to be 
less than first order with respect to thiophene, while both thiophene 
and hydrogen sulphide were found to have an inhibiting effect on the 
thiophene hds conversion.
Empirical power function, Langmuir-Hinshelwood (LH) and Eley-Rideal 
(ER) type of kinetic models were used to correlate the data on thiophene 
hydrogenolysis. Although the empirical power function analysis did 
not yield a unique rate expression which describes the experimental data, 
nevertheless two alternative rate expressions of the LH type were found, 
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NOMENCLATURE
In the following list of nomenclature, the units are given in 
fundamental dimensions of mass (M), length (L), time (T), energy (E) 
and temperature (0) where appropriate.
a^ molar concentration of species i mol L”^
A. peak area of species i L*
1
thickness
estimated parameter i 
c constant in BET equation
C percentage composition
d length L
E transition energy E
E activation energy E mol“^
f^ response factor of species i
molar flowrate of species i mol T” *^
F volumetric flowrate L^T"*
g spectroscopic splitting factor
h Planck*s constant ML^T"*’
H enthalpy E mol“^
H magnetic field strength gauss
k reaction rate constant
K equilibrium constant
adsorption equilibrium constant of i 
m^ quantum number
n order of diffraction
n^ order of reaction with respect to species i
No Avogadro's number mol”^
p pressure M L“*T”^
Pg saturation pressure M
Pj[ partial pressure of i M L”^T~^
r reaction rate per unit mass mol T"* M“^
r^ pore radius L
r radius L
R percent reflectance
R gas constant E mol"* 0“*
s surface area per unit mass M~*
S active site
S entropy E mol"* 6""^
t thickness of adsorbed gas layer L
T temperature 6
V volume L®
V pore volume L®
P
volume of a monolayer L®
W  mass of catalyst M




V frequency of radiation
a area covered by Nz molecule
3^ parameter values
3 Bohr magneton E gauss”*
0 angle of diffraction
0^ fractional coverage of species i
0 fraction of vacant sites
X wavelength L
1-1
a surface tension M T ^
CHAPTER 1
I N T R O D U C T I O N
— 1 —
1.1 The Hydrodesulphurisation Reaction and its Importance
The hydrodesulphurisation (hds) reaction embodies the elimination 
of sulphur from organic molecules by reaction with hydrogen over metal 
sulphide catalysts. This reaction has been known since the beginning 
of the century. However, the industrial process became economically 
feasible only after the installation of hydroreforming plants, where 
vast quantities of hydrogen were produced as a by-product.
The hds reaction has been extensively reviewed by several authors.*"* 
McKinley* pointed out some important reasons why petroleum fractions 
should be desulphurised: reduction of corrosion during refining and
handling; odour improvement; improvement of petroleum properties 
(colour, stability, octane number, resistance to gum formation). Nowadays 
other important reasons, such as protection of air quality, protection 
of the catalyst used in reforming, and production of clean fuels from 
shale oils and coal have increased the need for hds processes.
The relative amounts and the variety of sulphur compounds changes 
with differing types of crude oil, even with the different treatment 
given to a particular crude oil. Typical sulphur-containing organic 
compounds which can be generally found in practice are shown in Table 1.1.
1.2 The Hydrodesulphurisation (hds) Reaction
The hds reaction is a destructive hydrogenation (hydrogenolysis) in 
which the sulphur compound is transformed to hydrocarbon and hydrogen 
sulphide. The general reaction is shown below:
- 2 —
Compound Class Structure
R S I -Thiols
R S RSulphides






Table 1.1 Some sulphur compounds in petroleum
— 3 —
Sulphur compound + Hz  V Hydrocarbon + HzS (1.1)
Hydrocarbon reactions other than reaction (1.1) may also take place 
within the wide working range of temperature and pressures used. Such 
other reactions, for example, are hydrocracking and isomérisation.
Coking and hydrometallisation of organometallic compounds could also 
occur during the hds reaction. Both reactions lead to deactivation 
of the catalyst, but hydrometallisation, unlike coking, leads to 
permanent damage of the catalyst (making regeneration impossible or 
difficult), this being the main problem in the hds of heavy oils.
Finally, the relative importance of all these various reactions is 
different. The catalytic activity observed and the state of the catalyst 
during operation might be explained in terms of the effect of each of 
the above reactions.
(1) Thermodynamics of the hds reaction
Hydrogenation reactions of sulphur-containing compounds are all 
thermodynamically favourable, as shown by McKinley, who applied thermo­
dynamic data^ to derive information concerning some typical hydrogenation 
reactions which might occur under hds conditions. McKinley used the data 
to calculate the equilibrium constant for the following reactions:
Sulphur compound + Hz < - ^ Saturated hydrocarbon + HzS (1.2)
Sulphur compound ^ ) Unsaturated hydrocarbon + HzS (1.3)
Open chain sulphide ^  —  Thiol + Olefin (1.4)
Thiol sulphide <— - Open chain sulphide + HzS (1.5)
Open chain sulphide + Hz < Thiol (1.6)
- 4 -
Figures 1.1a and b show the plot of the logarithm of the equilibrium 
constants against reciprocal absolute temperature (1/T), for some typical 
examples of reactions (1.2) and (1.3) and Table 1.2 gives the heat of 
reaction of some hydrogenation reactions. The values of log Keq for the 
reduction of sulphur compounds to saturated hydrocarbons are highly positive 
over the temperature range 298-800 K. It can also be seen from Figure 
1 .1b that the decomposition of sulphur compounds to yield unsaturated 
hydrocarbons is not favoured below 610 K, while at about 900.K the reactions 
approach completion.
Reaction A H % o k  k cal/mole
O *
O
2Hz ----^ M-C4H 10 + HaS -28.73
+ 4Ha  y n—CijHxo + HaS —66.98
S
CtHia + Ha  > M-CJHit -31.10
CaHsSH + Ha ------- ^ CgH* + HgS -16.77
Table 1.2 Heats of hydrogenation reactions
There seems to be no thermodynamic limitation to the reaction of 
hydrogen with thiols, sulphides, disulphides and thiophenes to produce 
saturated hydrocarbons and hydrogen sulphide. These indications are 
generally confirmed in practice. Cope and Farkas* and Hoog® worked on 









A, ethanethiol to ethane
B, thiacyclohexane to n-pentane
C, 2-thiabutane to methane + ethane
D, thiophene to n-butane
E, 3,4-dlthlahexane to ethane
Figure 1.1a Reduction of sulphur-containing compounds with hydrogen 
to saturated hydrocarbons and hydrogen sulphide.
25 100 200 400 700*0
3,4-dithiahexene to ethylene 
+ acetylene
thiacyclohexane to 1-pentyne






Figure 1.1b Decomposition of sulphur compounds to unsaturated hydrocarbons 
and hydrogen sulphide.
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(2) Mechanism and kinetics of the hds reaction
Thiophenic derivatives are more difficult to desulphurise than other 
sulphur compounds. It has been reported’*® that heavy oil fractions and 
residues from oil stocks contain a considerable amount of complex thio­
phenic compounds. The simplest of these thiophenic sulphur compounds is 
thiophene itself, which is chosen as a model compound for investigation.
In recent years, attention has been given to systematic studies of the 
mechanism and kinetics of hydrogenolysis of thiophene. Some of the 
studies have been reviewed and are summarised below.
(i) Mechanism of thiophene hydrogenolysis
Important aspects such as:
a) nature of the adsorption of thiphene,
b) identification of catalytic intermediates,
c) hydrogenation of unsaturated hydrocarbon, and
d) type of hydrogen chemisorption
were the starting points of various investigations towards a better under­
standing of the hds mechanism. From these studies a series of mechanisms 
for the hds of thiophene has been proposed.
Cawley and Hall^ studied thiioptiene hydrogenolysis over an unspecified 
catalyst and found tetrahydrothiophene as an intermediate in the reaction. 
Their experimental conditions were 550-727 K and (1-10) x 10* Pa. Later 
Griffith et dl,^ found no tetrahydrothiophene in the products when working 
with nickel sulphide and molybdenum sulphide in the temperature range 
473-773 K and atmospheric pressure. They suggested that the presence of 
tetrahydrothiophene in Cowley's work was due to the catalyst not being fully
— 7 -
sulphided. They proposed a reaction mechanism (see Figure 1.2a) based 
on a two point adsorption of thiophene and a partial hydrogenation of the 
thiophenic ring before C-S bond cleavage.
Butadiene was first observed in the reaction products by Komarewsky 
and Knaggs® by studying the reaction over a vanadium oxide catalyst 
supported on alumina at 673 K. On this basis, they suggested that the 
C-S bond cleavage was the first step, rather than the hydrogenation of 
the ring. A two-point adsorption for thiophene is involved. They 
proposed a reaction mechanism as shown in Figure 1.2b.
Amberg^® reviewed some of the work (which he and his co-workers had 
carried out) in which thiophene and methylthiophenes were used as model 
compounds over several hds catalyst. The reactions were carried out in 
excess hydrogen at atmospheric pressure in the temperature range 440-670 K, 
They suggested that, at least at atmospheric pressure, the C-S bond 
cleavage takes precedence over ring hydrogenation, yielding butadiene as 
an initial product. This view supports the work of Komarewsky and 
Knaggs.® They also claimed that at least two types of catalytic sites 
are operative/'"^® the bulk of hydrogenolysis taking place at the weak 
(Lewis) acid site, while the olefin hydrogenation occurs at the other 
type of sites (strong Lewis acid).
Adsorption studies of both reactants and products were carried out 
by Owen and Amberg.^^ Thiophene adsorption was strongly temperature 
dependent, having a temperature coefficient of 9.5 k cal/mole. Hydrogen 
sulphide adsorbed quickly and desorbed at a rate proportional to the 
coverage. Relatively weakly bound, or free hydrogen appeared to be 
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thiophene and butene. Adsorbed HgS had an appreciable effect on the 
rate of desulphurisation. Olefins were weakly adsorbed and had only 
a small effect on desulphurisation. Figure 1.2c shows the reaction 
scheme proposed by Owen and Amberg.
Kolboe*”^  studied!the rate of hydrodesulphurisation of thiophene, 
tetrahydrothiophene and %-butanethiol over M0 S2 , C0 O 3-M0O 3/AI2O 3 , and 
Cr203 catalysts at 561 K and atmospheric pressure. He observed that 
the amount of butadiene formed in hydrodesulphurisation of tetrahydro^ 
thiophene exceeded that arising from the hds of thiophene. Hence it 
was suggested that the reaction involving thiophene did not occur by 
hydrodesulphurisation at all, but rather by a dehydrodesulphurisation 
route whereby H 2S was removed by 3 elimination (intramolecular dehydro­
desulphurisation). Figure 1.3a shows Kolboe's mechanism. Deuterium 
tracer experiments by Mikovsky, Silvestry and Heinemann** provided 
support for Kolboe's mechanism.
Lipsch and Schuit'® developed a one point adsorption mechanism for 
thiophene desulphurisation. They explained the hydrogen transfer 
process in the hydrogenolysis of thiophene by a N0O 3 catalyst. They 
described the mechanism as followsf
(a) Thiophene is adsorbed on an anion vacancy formed 
by previous reduction of the M0O 3 catalyst.
(b) One hydrogen atom is transferred from an adjacent 
-OH group to the adsorbed thiophene and one C-S 
bond is broken.
(c) A second hydrogen atom is transferred by breaking 
the other C-S bond.
(d) 1,3-Butadiene desorbs and then is hydrogenated, on 




-y =  —  =  + HSH
a The reaction mechanism by Kolboe^^
/
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b The reaction mechanism by Lipsch et at. ** 
Figure 1.3
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a scheme of this mechanism.
This work is consistent with Komarewsky and Knaggs,* and Amberg and 
c o - w o r k e r w h o  proposed that the C-S bond cleavage occurs before 
ring hydrogenation.
Studies of Hg-Da exchange and thiophene hydrogenolysis by Smith 
et dl.^° over y-alumina, MoOs/y-AlaOa, and CoO-MoO3/y-Al203 catalysts 
suggested that adsorption of thiophene occurs viu the heteroatom due 
to the predomiant a-exchange of deuterium on molybdenum-containing 
catalysts. a-Exchange was correlated with desulphurisation, while 
multiple exchange was correlated with hydrogenation. They also 
suggested that TT-complex formation is important in multiple exchange 
and the role of cobalt may be to facilitate surface hydrogen mobility 
and thereby decreasing coke formation.
The idea of hydrogenation of the thiophene ring prior to C-S bond 
cleavage has been put forward by several investigators. Kieran and 
Kemball^*’ studied deuterium exchange and hydrogenolysis of thiophene 
over unsupported M0 S2 catalysts. They indicated that hydrogenation 
could precede C-S bond breakage in hds. Zdrazil,** and Kraus and 
Zdrazil*® also supported this idea. They claimed that on the basis 
of the aromaticity of thiophene, direct hydrogenolysis seemed highly 
improbable.
Recently, Zdrazil et studied, in the presence of several
catalysts, the selectivity of the saturated intermediate, dihydro- 
benzothiophene formed during benzothiophene hydrodesulphurisation.
- 12 -
This model sulphur compound was chosen because the amount of hydro­
genated intermediate was sufficient to make a more reliable measure­
ment. However, the result of this study was also applicable to the 
mechanism of the hds of thiophene. They used the concept of bi­
functional catalysis^’ to explain the reaction sequences. They suggested 
that the reaction proceeded by hydrogenation of the thiophene ring 
(hydrogenation function) followed by C-S bond rupture (acid function of 
the catalyst) with the formation of unsaturated C=C bonds which are 
subsequently hydrogenated (hydrogenation function). These sequences 
do not assume the existence of a hydrogenolysis step. They also 
suggested, by comparing unpromoted and promoted catalysts, that 
promoters decrease the kinetic stability of saturated intermediates.
The proposed mechanism is shown in Figure 1.4a.
The above series of papers indicate that the heteroatom of the 
thiophenic molecule interacts with the anion vacancy of the metal 
catalyst. According to Kwart, Schuit and G a t e s , t h e s e  mechanisms 
fail to explain the effect of steric hindrance observed in practice 
for substituted compounds. They proposed a multipoint adsorption 
mechanism of the hds of thiophene where the C=C interacts with a Mo 
cation and the sulphur atom of the reactant interacts with a * sulphur* 
ion on the surface. The mechanism proposed also accounts for the 
observed deuterium exchange and hydrodesulphurisation reactions. A 
schematic diagram of the reaction mechanism is shown in Figure 1.4b.
To summarise this review of mechanistic studies of thiophene hds, 
it is clear that some controversial points still exist about the true 
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b Reduction mechanism by Kwart et at.^^ 
Figure 1.4
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1) It is not clear whether the adsorption of thiophene occurs 
vi,a the heteroatom or whether other points of attachment 
are also involved.
2) The nature of interaction of thiophene with the catalyst 
surface is not unequivocal. It may occur (a) through the 
S atom or (b) through the C=C atoms.
3) The sequence of reaction steps in hds may involve any of 
the following alternatives:
(a) hydrogenation of thiophene, followed by hydrogenolysis 
plus hydrogenation of the unsaturated hydrocarbon;
(b) hydrogenolysis of the thiophenic ring, followed by 
hydrogenation of the unsaturated hydrocarbon; or
(c) hydrogenation of the thiophenic ring, rupture of the 
e-S bond, followed by hydrogenation of the unsaturated 
compound.
(ii) Kinetics of thiophene hydrodesulphurisation
A wide range of experimental conditions and catalysts prepared in 
different ways have been used in order to obtain information about the 
reaction kinetics of thiophene hds. Table 1.3 shows a summary of some of 
the work done on thiophene hydrogenolysis, specifying the catalysts and 
conditions used for the reactions. In general, reaction orders are in the 
range 0-1 with respect to both thiophene and hydrogen. Sometimes these 
reaction orders vary with temperature. It can also be seen that the values 
of the apparent activation energy vary over the range 3.4-25 k cal/mole.
The kinetic modelling of the rate for thiophene hydrodesulphurisation 
has been examined by several w o r k e r s T h e  proposed rate expressions 
are based mainly on Langmuir-Hinshelwood (L-H) type correlations, assuming 
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expressions is presented in Table 1.4.
The experimental data contained in the survey presented in 
Table 1.4 were obtained using different types of reactors. These 
types of reactor include a static r e a c t o r , a  differential reactor 
with external recirculation,^* a differential reactor with internal 
recirculation,^® and a tubular differential reactor.®* The first 
three reactors do not permit an examination of the separate effect of 
thiophene and hydrogen sulphide on the rate of reaction. To report 
the plot of the rate data collected as a function of one of these two 
variables may sometimes be misleading. For example, the investigation 
of Van Looy and Limido®® and that of Satterfield and Roberts®* 
indicated the presence of a maximum of the rate of reaction with respect 
to thiophene partial pressure. The selection of their kinetic model 
was based on this observation. However, the maximum in the rate of 
reaction may have been caused by a simultaneous variation of thiophene 
and hydrogen sulphide partial pressure, as it is well known that hydrogen 
sulphide can affect the rate of reaction when present in significant 
amounts.^*"®^ In these reported investiations it was always present 
and its amount was not held constant. Furthermore, Lee and Butt®* 
investigated a larger range of thiophene partial pressure than that 
of Satterfield and Roberts.®* No maximum in the rate was observed 
even though, in their experiments, hydrogen sulphide was always present 
and in variable amounts. This indicates that the rate data reported 
may be affected by simultaneous effects of thiophene and hydrogen 
sulphide concentration. Their proposed kinetic model (see Table 1.4) 
is a combination of L-H models with an empirical temperature dependent 
constant to take into account the contribution of the strongly adsorbed 
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A tubular differential reactor was used by Morooka and Hamrin®® 
in their kinetic studies. This reactor allowed the separate study
of the effects of thiophene and hydrogen sulphide on the rate of reaction. 
However, they covered only a narrow range of thiophene partial pressure 
(^40 nnuHg) and only three values of partial pressure of hydrogen sulphide 
were studied. On this basis their proposed model was similar to that 
of Satterfield and Roberts (see Table 1.4).
1.3 The Catalyst
Studies on the composition and structure of hds catalysts have been 
carried out and frequently reviewed by many workers.*’”®*®*”** Generally, 
commercial hds catalysts contain metal oxides of Group 6B (Mo, W) and 
metal oxides of Group 8 (Co, Ni), the latter acting as promoters. Due 
to its very low hydrocracking property, y-alumina has been commonly used 
as a support for the hds catalyst. The most common commercial catalyst 
is the so-called 'cobalt-molybdate' represented usually by CoO-MoOg/y- 
AI2O 3 . The metal content of the cobalt-molybdate catalysts varies 
from 3-5 weight % in cobalt and 7-12 weight % in molybdenum. This 
cobalt-molybdate catalyst is highly active and selective towards the 
hds reaction. The composition of the cobalt-molydate catalyst is 
usually given in terms of CoO and M0O 3 content. However, Mitchell®* 
pointed out that the composition of the catlyst given in this way 
could be misleading as those oxides are probably not present as such 
on the catalyst.
Most studies on cobalt-molybdate catalysts have covered three 
broad areas, as follows:
- 19 -
(1) Identification of chemical species present in the catalyst
Richardson** investigated in detail the nature of the components 
in a fresh catalyst by using a magnetic susceptibility technique. He 
found that the catalyst consisted of AI2O 3 and C0AI2O4 , both inactive 
for hds reactions. On the other hand, CoO, M0O 3 and C0M0O 4 presented 
a moderate activity. The same author** found that a mixture of Co and 
Mo oxides (whose complex structure was not precisely determined) was 
highly active. During thiophene hds, CoO sulphided to CogSs; C0M0O 4 
sulphided to a mixture of CopSg and either MoOS or a mixture of M0 O 2 
and M0 S2 ; M0O 3 sulphided completely to M0S2 . Richardson concluded 
that the true catalyst was M0 S2 promoted with cobalt. On the other 
hand, Ashley and Mitchell** found that cobalt-molybdate catalysts 
were not present as CoO, C0 3 O4 , or CoMoO*. Molybdenum and cobalt 
were found in tetrahedral co-ordination with oxide ions. However, 
octahedral and five-co-ordinated cobalt were also found.
A detailed study of the cobalt-molybdate catalyst was carried 
out by Lipsch and Schuit*^® using several physical characterisation 
techniques. The catalyst contained 4% CoO and 12.3% M0O 3 , supported 
on y-alumina. It was found that molybdenum is octahedrally surrounded 
by oxygen and is essentially M0O 3 , whereas the cobalt is distributed 
through the bulk of the alumina as C0AI2O4 . Mitchell and Trifiro*^ 
reported that molybdenum and cobalt are associated in catalysts with 
the presence of linked M0O4 tetrahedra and CoO* hexahedra. They 
also questioned the assumption of ion vacancies, proposed by Lipsch 
and Schuit, as it was found that the bridging oxygen is replaced in 
preference to terminal oxide in the sulphidation reaction of a binuclear
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oxomolybdenum(V). Recently Giordano et examined a M0O 3
catalyst supported on alumina by means of reflectance spectroscopy 
and e.s.r. techniques. It was found that the nature of the surface 
structure is affected by molybdenum concentration and conditions of 
reduction.
In general, CoO and M0O 3 are precursors of the true active 
species which are known to be sulphides of Co-Mo obtained either by 
presulphidation using a mixture of H^S + H 2 , or by the effect of the 
sulphur compound plus hydrogen during hds reaction.
(2) Studies of the catalytic activity as a function of the Co:Mo
atomic ratio
It is well known that the cobalt in the cobalt-molybdate catalyst 
is acting as a promotor (“t.e., enhances the catalytic activity of the 
M 0 O 3 / A I 2 O 3  when added in specified amounts). These two phases, when 
present on their own, are relatively inactive for desulphurisation.
The cobalt/molybdenum ratio is one of the most important features 
of these catalysts. A list of several studies on the effect of 
Co:Mo ratios is given below:
Co:Mo for maximum activity Ref.
0.3 Beuther et at. 49
1 . 0 Mann 50
0.75 Andrew 51
0.18 Richardson 45
0.25 Ahuja 6t at. 52
no maximum found Hargreave and Ross 53
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It has been pointed out by Massoth** that the discrepancy in 
results of studies on Co-Mo catalysts may be due to the differences in 
catalyst preparation (addition of active phases, calcination temperature, 
pretreatment, support used). In addition to Co, De Beer et also
used other metals such as Zn, Ni, Mn, as promoters for molybdenum 
catalysts. They found that for each of these metal promoters, in­
cluding cobalt, the activity increases for metal to molybdenum ratios 
less than 0.3. The promoting effect of these metals was in the order 
Co > Zn > Ni > Mn.
The role of cobalt as a promoter is still not well understood. 
Massoth**' summarised several theories on the effect of cobalt contained 
within a molybdenum catalyst and they are given briefly below:
a) Cobalt enhances the Mo dispersion in the support and 
hence increases the molybdenum monolayer area.
b) Cobalt enhances the extent of molybdenum reduction 
on which the catalytic activity is thought to be 
dependent.
c) Cobalt occupies a very specific site in M0 S2 
crystallites (assumption for the intercalation 
model), engendering formation of Mo®"^ , which is 
the active site for hds reaction,
d) Cobalt enhances the activity of molybdenum catalysts 
at the phase boundary between M0 S2 and Co»Se (synergy 
model).
e) Cobalt may affect the adsorption-desorption properties 
or the intrinsic activity of vacancies present in the 
catalyst and hence affects the specific kinetics of 
reaction.
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f) Cobalt increases the hydrogenating ability. This 
prevents coke formation and subsequent deactivation-
g) Cobalt hinders formation of relatively inactive 
conglomerates of M0 S2 crystallites.
(3) Modification of the cobalt-molybdate catalysts
Many investigations have been carried out in order to improve hds 
catalysts (activity and/or life), in particular the cobalt-molybdate 
catalyst, by modifying the support,®® or by adding a third metal
component (known as an activator).®^ Most of the literature concerning
the modification of hds catalysts is found in patents, as reviewed by 
Ranney®® and Mitchell.®* However, not many works had been published 
which attempt to elucidate the effects of these additives on the 
catalytic system. Martinez and Mitchell®^ studied a series of zinc 
and magnesium containing C0O-M0 O 3/AI2O3 catalysts by using pulse and 
flow techniques at atmospheric pressure and at 623 K, in order to
elucidate the role of Mg and Zn as additives. It was found that for
an additive to cobalt ratio of 0.25, magnesium decreased both thiophene 
conversion and butane/butene ratio, whereas zinc increased both. They 
also extended their studies in order to understand the effect of 
increasing amounts of magnesium and zinc on hds activity, product 
distribution and isomérisation. A correlation was found between the 
effect of additive and the structure and also on catalytic properties.
Ratnasamy et a7.®* found from thermo-gravimetric (TG) studies that 
the presence of sodium on the alumina support affects the reducibility 
of cobalt and molybdenum. In the absence of sodium, cobalt inhibits
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the reduction of M0O3/AI2O3. However, in the presence of sodium, 
cobalt accelerates the reduction process. The author postulated that 
in the presence of sodium, most of the cobalt occurs in the form of 
C03O4, which, upon reduction, forms the metal. The hds activity for 
a series of Co-Mo catalysts with and without sodium was measured and 
plotted against their specific reducibility (a^p) determined by the 
TG method. The authors observed a correlation between the reducibility 
of the catalysts and their hds activity which shows a maximum at a 
certain value of Ogp* Catalysts containing little or no sodium had a 
low Ogp value, as well as a low catalytic activity. The results were 
explained by proposing a model based on the idea of the existence of 
molybdenum in various phases and its interaction with support and 
cobalt.
The effect of sodium on the cobalt-molybdate systems was also 
studied by Lycourghiotis and co-workers.®**®* Cobalt and molybdenum 
dispersion were observed by using several physical characterisation 
techniques. They found that, for the catalysts with low cobalt 
content, the dispersion of cobalt increases when the sodium content 
increases, and the transformation of C03O4 into C0AI2O4 was noted.
On the other hand, for catalysts with a higher cobalt content, no change 
was observed throughout the sodium composition range studied.
Molybdenum dispersion was independent of sodium content up to 3.6% Na, 
but it decreased above this content. No attempt was made to measure 
the catalytic activity of these catalysts.
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Kelly and Ternan®* used alkali metal promoters in C0O-M0O3/AI2O 3 
catalysts in order to investigate the effect of promoter on coke 
deposition during hydrocracking of athabasca bitumen. The experi­
mental work was carried out at 13.9 MPa and at 450° C. It was found:
a) The surface area for a Li promoted catalyst showed a 
maximum. However, for a Na and K promoted catalyst it 
decreased continuously with increasing alkali metal 
content.
b) The conversion for pitch, oxygen, sulphur and nitrogen 
improved for small additions of Li, passing through a 
maximum. In general, however, the conversion decreases 
with Na or K.
c) The variation of H 2/carbon ratio in the liquid product 
was similar to the variation in conversion data (maximum 
for Li-containing catalyst, whereas there was continous 
decrease for Na or K promoted catalysts).
d) Coke deposition for the Li catalyst passed through a 
minimum, while for the Na and K catalysts there was a 
continuous decrease.
These results were explained in terms of the effect of promoter on the 
electronic properties of the catalyst.
1.4 Objectives of the Present Investigation
The objectives of the present studies can be broadly divided into 
two sections: (1 ) catalytic activity studies and (2) reaction kinetic
studies.
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(1) Catalytic activity studies
Addition of a second promoter on a standard cobalt-molybdate 
catalyst has been practised by several workers.®®»*’'»®* Such 
promoters generally belong to alkali and alkali-metal groups, since 
these metals are known to decrease coke deposition and therefore may 
lead to an increase in the life-span of a catalyst. There is also 
evidence that these metals influence the catalytic properties of the 
cobalt-molybdate in favour of sulphur removal.®^»*®»®* However, not 
many investigations have been undertaken in order to elucidate the 
effect of those additives on the catalyst structure and hence on the 
activity.
The first objective of the present investigation, therefore, is 
to study the effect of lithium as a second promoter on a standard 
CoO-MoOs/AlaOs catalyst. A number of physical characterisation 
techniques, together with catalytic activity measurements, are 
employed to seek a correlation (if there is any) between the structure 
property and the activity of the catalyst. The reaction to be studied 
is thiophene hds, which involves the desulphurisation reaction, together 
with hydrogenation and isomérisation of hydrocarbons.
(2) Reaction kinetic studies
The second objective of this investigation is to study the 
kinetics of thiophene hds in order to find out if the addition of 
lithium as a second promoter changes the kinetics of the hds reaction 
[with respect to the unpromoted (commercial) catalyst].
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The kinetic studies are investigated by means of a differential 
reactor, whereby one can obtain information about the effect of 
individual components (reactants and products) on the rate of reaction. 
Special attention is paid to a detailed investigation of the inhibiting 
effect of hydrogen sulphide. Earlier workers®®»®^ carried out limited 
studies in this direction. Use of an integral reactor or a dif­
ferential reactor with recycling (external or internal) does not 
provide sufficient information to understand the effect of individual 
comoonents on the rate of reaction.
The kinetic data available from the present study is then analysed 
and an attempt made to find a suitable model for the rate of the 
thiophene hydrogenolysis reaction, utilising LH-HW rate expressions.
In modelling the kinetic rate expression, the information provided 
by the mechanistic studies of the hds reaction (as has been mentioned 
previously) is also taken into consideration.
CHAPTER
E X P E R I M E N T A L
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2.1 Catalytic Measurement and Kinetic Studies 
(1) Introduction
This section describes several experimental techniques which have 
been used throughout this research, and can be divided into two broad 
categories:
(a) Catalytic activity measurement
A series of lithium containing cobalt-molybdenum catalysts was 
prepared and tested for activity in respect of thiophene hydrodesulphur­
isation. The objective of the study was to understand the influence 
of lithium content on thiophnene desulphurisation and other reactions 
such as isomérisation and hydrogenation, occurring simultaneously with 
hds.
The activity measurements were carried out in a microcatalytic 
flow reactor which has been extensively employed by other workers 
when rapid catalyst screening and evaluation are demanded.®^»®®
(b) Kinetic measurements
During the second part of this research, studies of the kinetics 
of the hydrodesulphurisation reaction were carried out using two 
catalyst samples, namely :
(i) Pure C0-M0 /Y-AI2O 3
(ii) 0.25% Li on C0 -M0 /Y-AI2O 3 (Li/Co = 1.63)
A stainless steel microreactor was used [see section 2.1(3)(i)] 
and the range of conditions was as follows:
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Temperature: 260-320° C
Thiophene pressure: 11-101 mmHg
Hydrogen sulphide pressure: 18-154 mmHg
Hydrogen pressure: 505-749 mmHg
Once the experimental kinetic data were obtained, attempts to find a 
suitable model for the thiophene hydrogenolysis reaction were made by 
using several discrimination techniques (see Chapter 4).
(2) Catalyst preparation
The commercial Co-No/y-AlzOs catalyst was provided by Universal- 
Matthey as an extrudate. This was crushed and sieved in order to obtain 
particles between 30-60 mesh size (250-500 ym) and this portion was dried 
for 24 h at 150° C.
Using a pore filling technique,®* the water pore volume of the 
C0O-M0O 3/Y-AI2O 3 catalyst was found to be 0.71 ± 0.05 1 kg”*. Lithium 
was added to the catalyst by impregnating C0-M0 /Y-AI2O 3 with an aqueous 
solution of LiNOs (BDH Analar grade) using an impregnation technique.®* 
For this purpose a solution of lithium nitrate of the required con­
centration in a volume just sufficient to fill the pores was added 
dropwise on to 20 g of commercial Co-Ko catalyst up to incipient wetness. 
Several samples with increasing lithium content (up to 2 wt % Li) were 
prepared in this way. The catalysts were dried in air at 120° C for 
6 h and then calcined in air at 650° C for 16 h. Chemical compositions 
(nominal) of the lithium-containing catalyst prepared are given in 
Table 2.1.
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% Li % Co % Mo Li:Co ratio Li:Mo ratio
(wt %) (wt %) (wt %)
0.00 1.30 11.65 0.00 0.00
0.10 1.30 11.64 0.65 0.12
0.25 1.30 11.62 1.63 0.30
0.50 1.29 11.59 3.26 0.59
0.75 1.29 11.56 4.89 0.89
1.00 1.29 11.53 6.52 1.19
1.30 1.28 11.50 8.48 1.54
1.50 1.28 11.47 9.78 1.78
1.75 1.27 11.44 11.43 2.08
2.00 1.27 11.42 13.06 2.37
Table 2.1 Chemical composition of the lithium promoted C0O-M0O 3/ 
Y-AI2O 3 catalysts
(3) Experimental
A diagram of the experimental apparatus used is shown in Figure 
2.1. The few changes made for either activity measurements or kinetic 
measurements will be mentioned in the appropriate section.
(i) Catalytic reactor
a) Preheater - This consisted of a section of tubing 12" long and 
external diameter, packed with a rolled stainless steel wire mesh to 
improve the mixing of the reactants and heat exchange to the gas phase. 



































b) Reactor - Two types of reactor were used. Diagrams of these 
are shown in Figure 2.2. One type was for catalytic activity measure­
ments and the other was for reaction kinetic measurements. The reactor 
for catalytic activity measurements was made of glass (Pyrex), 7" long 
and 18 mm internal diameter, having a thermocouple well (for temperature 
measurement) axially held at the top of the reactor by a captive seal 
nut in addition to a glass appendix of 13 cm long and 3 mm diameter for 
further physical characterisations of the catalyst 'in S'itu» The catalyst 
was supported on a sintered glass disc (grade 1 ) of 18 mm diameter.
The reactor was connected to the main system by a captive seal reducing 
union 5/16"to
The reactor for kinetic measurements was a 6" long and diameter 
tube mounted vertically. A swagelok J" T^' fitting, was mounted on 
the top of the reactor to handle the inlet of gases at one side and to 
support the thermocouple axially in the reactor at the other side. The 
catalyst was supported inside the reactor by piston-like glass wool 
which, in turn, was held in place by stainless steel rolled gauze.
All parts of the preheating section and the reactor were made of 
316 stainless steel, except for the thermocouple sheaths, which were 
321 stainless steel. When a syringe pump was installed to inject the 
thiophene feed a vaporiser chamber Was required. This was made of 316 
stainless steel tubing (6 " long and I" diameter) packed with glass beads. 
At one end of the tube an injection port was fitted for thiophene 






























































c) Catalysts - For the catalytic activity tests the reactor loading 
was based on the percentage of lithium on the catalyst. The charge for 
the sample with 0.0% lithium was 0.5000 g. For the rest of the lithium 
series, the amount of sample was taken in such a way that the weight 
of C0O-M0O 3/YAI2O 3 in each case remained constant (0.5000 g), while the 
percentage of lithium on the catalyst gradually increased from 0 . 1 to 
2 wt %. The amount of catalyst taken in each case was determined 
according to the following relation:
(2 -1 )
where Wo = amount of catalyst with 0% Li (0.5000 g) and C = lithium 
composition (wt - %).
(ii) Temperature control and measurement
The heating and control of the temperature in the system was achieved 
by the following means :
a) Reactor and vaporiser furnaces - The reactor furnace was built
using a ceramic tube (9" long and 1^” inside diameter) wound with a low
resistancd wire and heavily insulated by means of glass wool. The 
furnace temperature (up to 500° C) was controlled by a P.I.D. temperature 
controller (Eurotherm, model 020-091-03). It was possible to maintain 
the temperature within ± 1° C of the required temperature. The
vaporising chamber was housed in a furnace built in the same way as
the reactor furnace, but its temperature was controlled by a P.D. 
temperature controller (Pye, model mini) which maintained the temperature 
to within ± 4° C.
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b) Preheating section - The preheater tube was wound with an 
insulated heating cord (|" diameter). The heating leads were connected 
to a Zenith variable voltage transformer (model V3HM) which, in turn, 
was supplied with 240 volts line voltage.
c) Sampling line and exhaust line - These lines were wound with
a well insulated heating tape (5" cross section). The power supply for 
the heating tape was controlled by a second Zenith variable voltage 
transformer (model V3HM). Temperature measurements were recorded at 
three places in the reaction system. The first thermocouple was 
located in the preheating section, tlie second in the catalytic bed 
(placed axially within the reactor) and the third was located in the 
sampling loop. The leads from all three thermocouples were connected 
to a rotary switch which, in turn, was connected to a digital temperature 
indicator (Eurotherm, model 140-03). All the thermocouples were Chromel- 
Alumel, protected with a 321 stainless steeel sheath. The temperature 
in the three sections of equipment could be adjusted independently. For 
all the runs temperature in the preheater was adjusted to that of the 
reaction temperature.
(iii)Gas flow system
a) Hydrogen feed system - High purity hydrogen (Air Products Ltd., 
99.99%) was fed from a cylinder equipped with a two-stage pressure 
regulator (B.O.C. M150) into an oxygen-trap containing 50 g of a 
proprietary catalyst capable of converting traces of oxygen into water. 
The gas was then passed through 18" long by diameter copper tubing 
packed with 13 X molecular sieve to adsorb water from the hydrogen
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stream. The sieve was activated periodically by heating at 400° C 
for about 12 h. The flow rate of hydrogen was adjusted by a calibrated 
rotameter (G.E.C. Marconi, series 1100) which contained a built-in 
micrometer valve. Final adjustment of the flow rate was achieved by 
using a bubble-flow-meter at the exit of the system. The hydrogen, 
after leaving the rotameter, entered the reactor system either at the 
inlet of the saturator (containing thiophene) or at the thiophene 
injection port in the vaporiser. Nylon and copper tubing, together 
with brass fittings, were used for the hydrogen line.
b) Hydrogen sulphide feed system - Hydrogen sulphide of 99.6% 
purity (supplied by B,D.H.) was fed from a cylinder equipped with a 
single stage pressure regulator (Brook, model 8601). The gas flow 
was controlled by a calibrated rotameter (G.E.C. Marconi, series 1100) 
with a built-in micrometer valve. An on-off valve was fitted downstream 
from the rotameter to isolate the main stream when there was no flow of 
hydrogen sulphide. For the hydrogen feed system, the final adjustment 
of the hydrogen sulphide flow was made by using a bubble-flow-meter at 
the exit of the gas system. All materials used in the hydrogen sulphide 
line were made of 316 stainless steel.
(iv) Thiophene delivery system
a) With saturator in line - For the measurement of the activity of 
the lithium series catalyst, a saturator was used for feeding thiophene 
vapour into the reactor. The saturator was a 500 ml glass bottle fitted 
with a sparger consisting of a sintered glass filter mainly to give a
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good distribution of the incoming hydrogen gas. At the top of the 
saturator a by-pass made of glass tubing with a three way P.T.F.E. 
valve was fitted, so that the hydrogen flow rate could be adjusted 
before the gas entered the saturator.
The saturator was immersed in a water bath maintained at a constant 
temperature (300 ± 0.5 K) to achieve a constant feed of thiophene 
vapour (Fj. = 6.3 ml/min at t = 22° C and 1 atm) in the hydrogen steam. 
Care was taken to maintain the bath temperature constant because the 
saturation of hydrogen stream depends on thiophene vapour pressure 
which, in turn, is highly dependent on temperature. The temperature 
in the bath was controlled by a Fi monitor keeping the temperature 
within ± 0.5° C. The saturator was connected to the reactor system 
using stainless steel straight unions (;" to |").
b) With syringe pump in line - Thiophene was fed into a vaporising
chamber by a syringe pump (Schuco, model B) which consists of a
synchronous motor that drives a screw with an attached metal plate.
The plate is butted against the plunger of a hypodermic syringe con­
taining thiophene and the motion of the travelling screw pushes the 
plunger into the barrel of the syringe. The delivery flow rate depended 
on the following: (1 ) dimension of the syringe used, (2 ) the path of 
the screw, and (3) the frequencies of the synchronous motor used. All
these are related by a formula given by the supplier:
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F = ^ (2.2)
20 X L
F = Flow rate in cm^ per min,
R = Motor speed in revs per min,
V = Total volume of the syringe in cm^, and
L = Distance between indicated total volume marks 
on syringe in cm.
The constants 20 and 2.54 are involved because the precision screw 
thread used to drive the syringe piston has 2 0 turns per 2 . 5 4 cm.
The pump was calibrated by filling the syringe with water. The
liquid thiophene flow rate varied from 0.8 to 4.58 ml/h. The discharge 
line was 5" long by 1/16" diameter stainless steel needle which was 
connected to the injection port of the vaporising chamber where thiophene 
vapour was mixed with hydrogen. Thiophene (99 + %, Aldrich gold label) 
was used as supplied.
(v) Analytical section
a) Analysis of the products - The analytical section consisted of 
a gas chromatograph (Pye Unicam, series 204) provided with a thermal 
conductivity detector and a chart recorder (Bryans, model 27000) using 
a chart speed of 1 cm/min. The areas under the peaks were measured 
using an integrator unit (Venture, Mark II). The peak area was 
proportional to the concentration of each component present in the 
sample analysed. Figure 2.3 shows a diagram of the analytical section.
For the catalytic activity measurement a double column analysis 








































products. The first column was a glass one, 7' long, J" overall 
diameter, 4 mm id, packed with 25% squalane on diatomite S-ANW,
80-100 mesh. This was used to separate the mixture of light hydro­
carbons and thiophene. The second column was stainless steel, 20' 
long, I" overall diameter, packed with a 2 0% mixture of 2 : 1 dimethyl 
sulphonate to hexamethyl phosphoramide supported on chromosorb p,
30-60 mesh. This was used to resolve the mixture of C^, products.
The dual column analysis was operated as follows: The gas
sample was collected by a sampling valve (Pye Unicam, 204) fitted 
with a 10 ml gas sampling loop. The sample was injected into 
column 'A* (fitted inside the oven which was maintained at 85° C) where 
the thiophene was resolved from the mixture of Cz,-hydrocarbons. The
output of column 'A* was then passed through one cell of the detector 
(thermal conductivity) while the other cell acted as a reference. By 
operating a three-way valve the mixture of Cz,-hydrocarbons, already 
separated from thiophene in column 'A' and leaving the first cell of 
the detector, was injected into column 'B'. As soon as the peak 
characteristic of thiophene started to appear on the chart recorder 
(by operating the same three-way valve) the thiophene issuing from 
column 'A' and through the detector) was collected in a liquid nitrogen 
trap. The three-way valve was then returned again to its initial 
position and the polarity of the detector changed before each component 
of the Cz, mixture reached the second cell of the detector. This time 
the first cell of the detector was used as a reference cell.
A typical chromatogram is shown in Figure 2.4 and the gas chromato­
















































Volume of sample 10 ml
Temperature of detector 175° C
Temperature of injector 100° C
Oven temperature for column *A' 85° C
Bath temperature for column 'B' 0° C
Current intensity setting No.2
Attenuation 16, range 1, for thiophene
4, range 1 , for Ca mixture
Chart speed 1 cm/min
Carrier hydrogen flow rate 60 ml/min
b) Calibration of the gas chromatograph - According to Kaiser*® 
the following conditions are required for the quantitative evaluation 
of gas chromatographic results:
(i) The detector must have a linear response.
(ii) The operating conditions of the gas chromatograph 
during calibration and analysis must be kept completely 
constant. The ratio of area to number of moles 
should be equal to a constant. The calibration graphs 
for the chromatograph used in the present investigation, 
shown in Figure 2.5, indicates a linear response of the 
detector for thiophene and hydrogen sulphide.
As the straight lines in Figure 2.5 do not overlap, it suggests that 
an equal concentration of different substances in the carrier gas does 
not generate an equal response of the detector. As a result of this, 
it appears that a parameter called the response factor, f, (constant 
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Figure 2.5 Calibration curves for thiophene and hydrogen sulphide
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the concentration of components in a mixture.
The response factor is determined from the/y.slope of the plot of
peak area against number of moles (see Figure 2.5). By using the
response factor and the peak areas of the various components in a 
mixture, quantitative estimations of any component can be found from 
the following relation:
f^ Aj_ X 100
" '""'i = ^ a7 + . ... . (2-3)
where i = 1, 2, 3 .... n and f^ is the response factor of component i.
For the analysis, the relative response factor was used for all 
the components by taking the thiophene response factor as reference.
The relative response factors of the compounds of interest are given 
below:
Substance Relative response factors (F)
Thiophene 1.00
Hydrogen sulphide 1.33
Mixture of C* hydrocarbons 1.19
The relative response factor for a mixture of C% hydrocarbons was 
obtained indirectly from the ratio of areas of hydrocarbon sulphide to 
the areas of total C& hydrocarbons produced during the hds reaction.
(4) Operational procedure
(i) Start-up
A precise amount of catalyst was weighed in a high precision 
analytical balance and placed into the reactor. The next step was 
to leak-test the system. These tests were carried out in the catalytic 
system, and in the helium and hydrogen lines by bringing the circuit
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up to 15 psi above atmospheric pressure using helium. Then all 
valves were closed at the line exit. If within 1 h no decrease in 
pressure was observed, it was assumed that there were no appreciable 
leaks.
For the measurement of hds activity of the catalyst, the saturator 
was charged with 300 ml of thiophene and left in the water bath at 
T = 300 K for about 12 h before the experiment was commenced.
(ii) Pretreatment of catalyst
Once the reactor has been loaded with catalyst and the system leak-
tested, helium was allowed to flow through the reactor at the rate of 1 0 0ml/ 
min and the temperature raised to 150° C. After 90 min the reactor tempera­
ture was increased gradually to 400° C. The helium flow was cut off and a 
mixture of 10% hydrogen sulphide in hydrogen (lOOml/min) was allowed to flow 
through the reactor for 14 h. This pretreatment procedure was the same for 
catalytic measurement and for reaction kinetic experiments.
(iii)Steady state
After pretreatment of the hydrogen sulphide catalyst, the gas 
flow was stopped, allowing only hydrogen to pass through the reactor 
for 1 h. The reactor was set to the desired reaction temperature 
(400° C for activity tests and 260-320° C for reaction kinetic studies).
Once the reaction temperature was attained, hydrogen was adjusted to 
the desired flow rate and thiophene was allowed to flow through the 
system. Sampling for the gas chromatographic analysis was then 
commenced and continued periodically until no change was evident in 
the variation of each chromatographic peak, i.e., steady state was 
reached. Two or three more samples were taken as representative 





A great deal of interest has been shown by many different research groups 
in the characterisation of hydrodesulphurisation catalysts. Massoth*^ has 
recently reviewed some of the techniques applied to molybdena catalysts.
Standard characterisation techniques have been well developed for metallic 
catalysts and acidic-type catalysts. Such standard techniques have, however, 
not yet been well developed for characterising supported oxide or sulphide 
catalysts. Hence, sufficient information is lacking on how these character­
isation studies may be related to the catalyst activity.
The characterisation technqiues generally applied to the hds catalysts 
can be divided into two broad categories:







b) Electron spin resonance
c) Photoelectron (ESCA)
In this chapter the underlying principles of some of the characterisation 
techniques are presented, which have been applied to the series of hds catalysts 
prepared for the present investigation.
(2) Diffuse reflectance spectroscopy
(i) Principle
Several workers*****'**"** have successfully used diffuse reflectance 
spectroscopy for the qualitative determination of cobalt and molybdenum on 
C 0 O - M 0 O 3 / Y - A I 2 O 3  hydrodesulphurisation catalysts in both oxide and sulphide form;
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This technique involves measurement of the amount of radiant energy 
reflected from the surface of a sample. Data are generally reported 
as % reflectance:
R% = ^  X 100 (2.4)
where I = intensity of radiant energy reflected from the sample and 
lo = intensity of radiant energy reflected from a standard reflecting 
surface.
Specular reflectance is simply a mirror - like reflection from a 
polished surface. Diffuse reflectance refers to a reflected radiant 
energy which has been partially absorbed and partially scattered by 
a surface having a poorly defined angle of reflection. The reflected 
light from such a surface depends on the particular nature of the 
medium under consideration. This is the main distinction from specular 
reflectance.
In diffuse reflectance techniques, the intensities of absorption 
at various wavelength in a reflectance spectrum is expressed as the 
Kubelka-Munk function, f(Roo), calculated from the % reflectance at the 
respective wavelength.
ffR») = (2.5)
2 ? c o
where Rg,is the reflectance at the wavelength of absorption. The theory 
related to the development of this equation is given in detail elsewhere.**
The relation between f(R<») and the concentration, c, of the absorbing 
species is given by
log f(R^) = log c + log e/s (2 .6 )
where e is the extinction coefficient and s is the scattering coefficient.
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(ii) Experimental
U.v.-visible diffuse reflectance spectra of the series of lithium- 
containin- catalysts were recorded by using magnesium oxide as a 
reference (1 0 0 % reflectance).
The spectrometer used was a Pye Unicam SP 700C fitted with the 
standard commercial Pye Unicam reflectance attachment. The spectro­
meter was capable of scanning from 180 nm to 2500 nm using a deuterium 
lamp below 333 nm and a tungsten lamp between 333-2500 nm. A photo­
multiplier tube was used to detect the reflected radiation below 6 6 6 nm 
and a lead sulphide detector above 666 nm. The spectrometer scan was 
linear with respect to energy and time. All the samples were ground 
into a very fine powder. The sample holder was a circular stainless 
steel disc (diameter 37 mm, depth 5 mm) fitted with glass windows.
It had two compartments: one was used to contain the sample of catalyst
while the other was used to contain the reference. The spectra were 
recorded by scanning the energy range from 250-1100 nm.
(3) X-ray diffraction
(i) Principle
A beam of X-rays striking a crystal becomes diffracted by the planes 
of the crystal in the same way as a grating diffracts ordinary light.
The relationship between the wavelength X, the angle of diffraction 
0 , and the distance between the planes in the crystal d, is given by the 
Bragg equation:
nX = 2 d sin 0 (2.7)
where n is the order of diffraction. If the X-ray beam is monochromatic.
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there will be only a limited number of angles, 6 , of diffraction 
depending upon the wavelength of the X-ray and the interplanar spacing. 
If, instead of a single crystal, a polycrystalline powder sample (in 
which the particles are randomly oriented, but some are so placed as 
to satisfy Bragg's law) is placed in the X-ray beam, a continuous cone 
of diffracted rays will be produced. The diffracted X-ray patterns 
can be recorded in several ways as follows:
a) Using simple powder cameras
b) Using focusing cameras
c) Using powder diffractometers
In order to record the diffracted X-ray pattern of the samples the 
third method was used. Figure 2.6 shows the basic arrangement for a 
powder diffractometer. The sample holder plate rotates about an axis 
at 0 , and the counter travels on a circle centred at 0 ; the two motions 
are coupled so that the incoming beam and the radiation to the receiving 
slit are both inclined to the specimen at the same angle.
Since the incident beam is divergent and each diffracted X-ray makes 
an angle of 20 with the appropriate ray of the incident beam, the 
diffracted beam is convergent. The arrangement in Figure 2.6, in which 
the source slit, receiving slit and sample holder all lie in a circle 
to which the specimen is tangential, has a semi-focusing effect.
However, the specimen is so small compared with the distance between 
the source (or receiving) slit and the sample that the arrangement 








































Z-ray diffractograms of all the lithium-containing catalysts were 
recorded using a Phillips Z-ray generator (PW 1730/10) equipped with nickel 
filter, copper Ka radiation, a diffractometer (Phillips, model 1050/25), 
a Xenon proportional counter (PW 1965) and a chart recorder. For sample 
preparation, each catalyst was ground to a very fine powder (^ 300 mesh) 
and by using the back loading method^® the sample was put into a sample 
holder of the following dimensions: 2 cm long, 1 cm wide and 1 mm depth.
The sample was placed in the path of the Z-ray. The scanning of the
diffracted beam covered the range 1 0 ° ^ 20 1 0 0 °.
(4) B.E.T. surface area and pore volume distribution
(i) Principles
The molecules in the surface layer of a solid are bound on one side 
to inner molecules and there is an imbalance of atomic and molecular 
forces on the other side. The surface molecules attract gas or liquid 
molecules in order to satisfy these latter forces. The attraction may 
be either physical or chemical, depending on the system involved and the 
temperature employed. The nature of the forces acting in physical 
adsorption are of the same kind as van der Waals forces, chemical
adsorption being more energetic than physisorption. As B.E.T. surface
area measurement involves physisorption, but not chemisorption, the 
following paragraph will be devoted to the discussion of the salient 
features of the former only. The theories related to the measurement 
of either B,E.T. surface area or pore size distribution have been given 
in detail by many workers.
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a) B.E.T. surface area - Physical adsorption (physisorption) is 
frequently used to measure the total surface area of a porous solid. 
Several equations to describe physical adsorption have been derived by 
Langmuir, but the equation ascribed to Brunauer, Emmett and Teller is 
the one most widely used. The langmuir isotherm is derived by assuming 
a dynamic equilibrium between adsorbed molecules and molecules in the 
gas phase, assuming an energetically uniform surface and that each site 
only accommodates one molecule up to the extent of one monolayer.
With these assumptions the equation may be written as:
V  b p  p 1 p
Vm ° 1 + bp V ° bV^ ^ V;
where V = volume adsorbed at the pressure p, = volume of the monolayer 
and b = constant related to the heat of adsorption.
Often it has been found that very few systems obey the Langmuir 
equation. The deviation of the experimental results from this equation 
has been attributed to a non-uniformity of the surface, both physical 
and energetic.
The Brunauer, Emmett and Teller (B.E.T.) method extends the 
postulates of the Lantmuir isotherm to apply to multilayer adsorption 
and assumes that the heat of adsorption beyond the first layer is equal 
to the heat condensation.
Now equation (2.8) (the B.E.T. equation) can be adapted for multi­
layer adsorption by rearranging it to:
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p 1 (c*'l) p
V(ps-p) VmC VjnC pg
where V = volume adsorbed at pressure p, = monolayer volume, pg = 
saturation pressure and c = constant for a particular temperature, related 
to the heat of adsorption.
Equation (2.9) is a linear function of p/pg. In practice, the 
range of linearity of relative pressure (p/pg) is from 0.05-0.3 and this 
equation can be applied to the determination of surface area by plotting
versus
V(Pg-p) Ps
Calculation of the slope (m) and the intercept (i) allows the 
determination of according to the following equation:
V = irfr (2.10)
Converting to the number of molecules adsorbed and from the 
known area covered by a single adsorbed molecule (in this case N 2 ), 
the total area per unit mass s, can be evaluated by:
^m X Ng
s =   a (2 .1 1 )
22400
where Nq is Avogadro's number (6.623 x 10*^ ), a = area covered by a 
single adsorbed molecule (for N 2 adsorption, a f 16.2 A^, see reference 
74).
- 53 -
b) Pore size distribution - There are two established methods for 
measuring the distribution of the pore volume: 1) mercury penetration; 
this method depends on the fact that mercury has a significant surface 
tension and does not wet most catalytic surfaces. Mercury can therefore 
be forced into pores of narrow diameter and the relationship between 
applied pressure and the pore radii in the system enables the size 
distribution to be computed and 2 ) nitrogen adsorption-desorption; in 
this method adsorption of Ng is continued until the nitrogen pressure 
approaches the saturation value (p/pg = 1). At this stage all the void 
volume is filled with adsorbed and condensed nitrogen. Then a desorption 
isotherm is traced by lowering the pressure step-wise and measuring the 
amount of Na desorbed.
In this research project, nitrogen adsorption-desorption was 
employed to investigate pore size distribution of the catalysts. Thè 
basic principles of the method are given below.
If a cylindrical pore in a solid of a radius r^ is not filled with 
condensate, but has its wall blanketed with a condensed layer of 
thickness t, the radius of the free space r is (r^ , - t). The opening 
radius is related to the relative pressure of the condensed liquid 
forming its boundary by the well-known Kelvin equation:
 ^ ■ RT In (p/pg) (2.12)
where O = surface tension (8.85 x 10~^ N m“  ^ for Na), V = molar volume 
of the condensed liquid (34.6 x 10“* m^/mole for Na), and 0 = contact 
angle between surface and condensate (assumed to be 0 ).
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The thickness t depends on the nitrogen relative pressure. The 
exact relation has been the subject of considerable study, but the 
relation proposed by Halsey (given below) is generally used.
t = A(ln ^  (2.13)
where A is related to the average thickness of a single layer of adsorbed 
molecules.
Using the value of A = 6.05, as suggested by earlier workers, 
the equation (2.13) can be written as:
t = 6.05 (In (2.14)
where tis expressed in A.
The method used in these calculations of pore size distribution is a 
modification of Pierce's method^* by Orr and Dellavalle.^^ A brief
description of the steps involved is given below. The data required
are obtained from the experimental desorption isotherm. During desorption 
each amount of gas desorbed (AV) is composed of the gas evaporated from 
the inner capillaries AV^ and the gas evaporated from the film on the 
walls of the unfilled pores (AVf). So,
AVr =  AV - AVf (2.15)
AV is determined directly from the isotherm while AVf can be evaluated by 
taking into account the areas of the wall covered by film (ZAsp) and 
the diminution in the thickness of the film (At).
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AVf = At EASp (2.16)
where ZAsp represents all the pore surface area except that of filled 
pores. At each desorption increment the volume of the pores is cal­
culated by:
AVp = AVr/— f S _ Y  (2.17)
while the surface area attributable to any group of pores Asp is, by 
geometrical considerations, twice the pore volume of that group AVp 
divided by the average pore radius of the group r^.
AVd
ASp = 2 — ^  (2.18)
^c
When the above steps are followed through the whole desorption 
branch, one can plot a cumulative pore volume distribution curve as 
shown in Figure 3.15 given in Chapter 3.
c) Adsorption-desorption isotherms characterisation - Most 
physisorption isotherms may be placed in one of the five types, frequently 
referred to as the Brunauer, Deming, Deming and Teller (B.D.D.T.) 
classification. Physisorption isotherms often exhibit hysteresis 
cycles (adsorption and desorption follow different paths). Various 
types of isotherms and hysteresis loops are shown in Figures 2.7 and 
2,8 respectively. This classification will be used to characterise 
the isotherm used in the present study.
(ii) Experimental procedure for the measurement of surface area and
pore size distribution
Determination of the B.E.T. surface area and pore size distribution 
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at liquid nitrogen temperature (77 K). An apparatus capable of recording 
surface area - pore volume data (micromeritic, model 2100 D, U.S.A.) 
was employed and basically consists of the following sections:
1 ) gas handling system (helium, nitrogen);
2 ) vacuum system (rotary pump backed by an oil diffusion 
pump);
3) pressure recording system (pressure transducer coupled 
with a digital pressure indicator);
4) sample handling system (sample container, heating 
mantles, and liquid nitrogen bath).
Analytical determinations were conducted by the following procedure.
A known amount of sample (about 0.5 g) was introduced into a glass sample 
bottle which, in turn, was attached to one of the ports of the instrument. 
The sample bottles were evacuated (< lO”® mmHg) and heating mantles were 
placed around each of them. The samples were then degassed at 200° C 
for about 16 h, under high vacuum (< 10“  ^mmHg). Once the samples 
were completely degassed, the heating mantles were removed and the 
sample bottles were placed in liquid nitrogen baths. The dead space 
measurement was carried out using helium. For surface area measurement 
nitrogen gas was introduced into the manifold of known volume (27.71 ml) 
to attain a pressure of about 250 mmHg. The exact pressure was 
recorded as pi. Then the valve connecting the manifold with the sample 
bottle was opened. Sufficient time was given to achieve equilibrium 
pressure which was noted at pg. The sample bottle was then isolated by 
closing the valve.
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The above procedure was repeated by gradually increasing the 
initial pressure pi. Each time the equilibrium pressure pg was noted. 
This was continued until pg reached saturation pressure and thus a full 
adsorption isotherm was obtained. To obtain the desorption isotherm, 
the desorption of nitrogen was followed by gradually decreasing the 
initial pressure px and recording the equilibrium pressure pg. The 
desorption isotherm recorded in this way was used to determine the pore 
size distribution.
(5) Electron spin resonance (e.s.r.) or electron paramagnetic
resonance (e.p.r.)
(i) Principle
Electron resonance is a branch of absorption spectroscopy in which 
a radiation of microwave frequency is absorbed by molecules possessing 
unpaired electrons. The phenomenon has been designated by the names 
e.p.r. or e.s.r.
The theory of e.s.r. spectroscopy is given in some detail in 
reference 77. However, the basic principles can be summarised as 
follows. For an electron of spin s = ^, the spin angular momentum 
quantum number can have values of m^ = ± which, in the absence of a 
magnetic field leads to a doubly degenerate spin energy state. When a 
magnetic field is applied this degeneracy is resolved. The lower 
energy state has the spin magnetic moment aligned with the field corres­
ponding to a quantum number mg = - 5 » while the high energy state 
mg = + I has its moment opposed to the field. A transition between the 
two different electron spin energy states occurs upon absorption of a 
quantum of radiation (in the radio frequency or microwave region). The
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energy (E) of the transition is
E = hV = g&Ho (2.19)
where h = Planck’s constant, y> = frequency of radiation, 3 = Bohr 
magneton. Ho = the field strenth, and g = the spectroscopic splitting 
factor.
The quantity g is a tensor quantity. The actual value of g for 
a free electron is 2.0023. In general, the magnitude of g depends upon 
the orientation of the molecules containing the unpaired electron with 
respect to the magnetic field.
E.s.r. spectra can be obtained by varying either the frequency or the
field strength. In practice it is simpler to vary the latter. The
spectrum is presented by plotting the intensity of adsorption against 
the strength of the field. However, e.s.r. spectra are usually 
presented as first derivative curves. A typical spectrum is shown 
in Figure 3.16. There are a number of factors other than those which
are ascribed to instrument design which affect line width. Broadening
of the line width due to spin-lattice relaxation results from the inter­
action of paramagnetic ions with thermal vibration of the lattice. For 
some compounds the spin-lattice relaxation time is sufficiently long to 
allow the observation of the spectra at room temperature, while for 
others-the spin-lattice relaxation time is so short that no spectra at 
room temperature is observed. Since relaxation time increases as 
temperature decreases, many transition metals need to be cooled to 
liquid Ng, Hg or He temperatures before good spectra are observed.
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(ii) Experimental
The e.s.r. spectra of a series of lithium-containing catalysts 
were recorded. Prior to recording of the spectra, the samples were 
treated in two different ways:
a) reduction in a hydrogen stream at 400° C, and
b) reduction and sulphidation with a mixture of 
hydrogen sulphide (1 0% volume) in hydrogen at 
400° C.
The experimental procedure used for pretreatment of the catalyst 
was substantially similar for both the reduction and the reduction 
plus sulphidation pretreatment.
The reactor was loaded with a known amount of catalyst [0.5000 g 
for sample with 0 .0 % lithium and the weight of the lithium-containing 
samples was determined following the relation given by equation (2 .1 )]. 
The reaction temperature was raised to 150° C while 100 ml/min of 
helium was flowing through the reactor. After 90 min the temperature 
was gradually raised to 400° C and then the helium supply was stopped 
and a flow of 1 0 0 ml/min of either pure hydrogen or a mixture of 1 0% 
volume of hydrogen sulphide in hydrogen was allowed through the reactor 
for 14 h. The hydrogen or the sulphiding mixture of HgS + Hg was 
stopped and the catalyst kept in a stream of helium until the reactor 
cooled down to room temperature. The helium flow was then stopped 
and the inlet and outlet of the reactor were closed in order to prevent 
air contacting the catalyst, which would affect the state of paramagnetic 
species. The reactor was dismounted and the sample transferred to the 
appendix attached to the reactor (see Figure 2.2). The appendix con­
taining the sample was placed in the resonance cavity of an e.s.r.
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spectrometer (Varian, model E3) for recording the spectra at 20° C.
The %-band e.s.r. spectra of the samples was recorded at 9.5 GHz. The 
magnetic field was modulated by 100 kHz and the first derivative of the 
spectrum was recorded. a,a-diphenyl P-picrylhydrazyl (DPPH) was used 
for calibration of the magnetic field.
CHAPTER 3
RESULTS AND DISCUSSION OF CATALYTIC
MEASUREMENT AND CHARACTERISATION STUDIES
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3.1 Introduction
In the field of hds catalysis there is growing interest in attempts 
to understand the chemistry of the cobalt molÿbdâte system. The 
literature survey (Chapter 1) suggests that the structure of the cobalt 
molybdate system has not yet been clearly understood. Without this 
information, preparation of catalysts with improved activity is limited. 
Knowledge about changes in structure and catalytic activity caused by 
modifying the catalyst might be helpful and provide a better understanding 
of the role of the catalyst in the hds reaction. A series of lithium 
containing cobalt molybdate catalysts was therefore prepared in order to 
investigate the effect of lithium as a second promoter and also to obtain 
some information about the r e l a t i o n s h i p  between structure and selectivity 
as well as activity.
In this chapter the results of catalytic activity measurements 
obtained by using a fixed bed flow microreactor, together with results 
obtained by using various physical characterisation techniques will be 
described. A general discussion based on these results will be 
presented at the end of this chapter.
3.2 Activity Measurement
(1) Identification of reaction products, measurement of conversion
and product distribution at stead state of hds reaction
Reaction products were identified chromatographically by using 
various standard calibration bottles containing pure compounds. Thus 
it was established that hydrogen sulphide, n-butene (NB), but-l-ene (IB), 
cts-but-2-ene (CB) and traws-but-2-ene (TB) were the primary reaction
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products. In addition, small amounts of lighter hydrocarbons (cracked 
products) were also formed. These latter products were neglected 
during the analysis of the results. Neither butadiene nor tetrahydro- 
thiophene were found in the reaction products.
The lithium catalysts were reduced and sulphided prior to the 
measurement of the steady state catalytic activity (thiophene conversion 
into Cu hydrocarbons) under the.-conditions described earlier in Chapter 2. 
The conversion of thiophene was followed as a function of time on stream 
for all the catalysts studied. In all cases a steady state of conversion 
was reached after about two hours of contact of thiophene feed with the 
catalyst. The steady state conversion and product distribution data 
are given in Appendix B-1. The activity of the lithium series of 
catalysts can be plotted either as a function of Li/Co, or Li/Mo atomic 
ratio, or simply as Li wt %. The results of the present investigation 
are expressed in terms of Li/Co atomic ratio. This arises from a 
comparison between the results of this present study and those of Kelly 
and Ternan,*^ both of which were presented as a function of several 
parameters, e.g.y Li/Co, Li/Mo, Li/(Co + Mo) atomic ratios (see 
Figure 3.1). It can be seen from the figure that when the catalytic 
activity is plotted only as a function of the Li/Co ratio, both sets 
of results produce a similar pattern.
Figures 3.2 - 3.5 show the plots of thiophene conversion and product 
distribution against the lithium to cobalt atomic ratio. It can be seen 
from Figure 3.2 that the catalytic activity for thiophene conversion 
passes through a maximum at about Li/Co = 2 and then the activity 
decreases with increase in Li/Co. The activity of the catalysts, with 
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Figure 3.2 Variation of the thiophene conversion with Li/Co atomic ratio 
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Figure 3.5 Plots of the percentage of trans-but-2-ene (A) and cts-but-2-ene(6) 
in the Ci. products against Li/Co atomic ratio.
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The n-butane distribution remains almost constant in the range 
0 < Li/Co ^  6.5, as shown in Figure 3.3. However, for higher values 
of the Li/Co ratio it decreases. But-l-ene distribution also appears 
to be constant in the range 0 < Li/Co < 6.5, as shown in Figure 3.4, but 
increases for higher values of Li/Co ratios. Finally, Figure 3.5 shows 
that the distribution of cts-but-2-ene and traws-but-2-ene over the 
whole range of Li/Co ratios remains unchanged.
The ratio of butane/total Cz, or butane/total butanes is normally 
considered to be a measurement of hydrogenation activity.^* As in the 
present case, both and ti»ons-but-2-ene remains constant for all the 
catalyst samples, so the ratio butane/but-l-ene can be taken as a measure 
of the extent of hydrogenation. From the plot of butane/but-l-ene against 
Li/Co ratio (Figure 3.6), it can be seen that the selectivity for hydro­
genation remains constant up to Li/Co ^ 5, beyond which it decreases 
quite sharply. As the distribution of O'is- and traws-but-2-ene remains 
unaltered over the whole range of Li/Co ratio, this result also suggests 
that the increase in but-l-ene (see Figure 3.4) beyond Li/Co 6 takes 
place at the expense of normal butane formation.
Another important reaction occurring during the hds of thiophene 
is the isomérisation of double bonds associated with the carbon chain, 
such as (i) but-l-ene ^ c i s -  or trons-but-2-ene and (ii) e-ts-but-2-ene 
—  trans-but-2-ene. Let us now consider the effect which the addition 
of lithium to a Co-Mo catalyst has on its isomérisation properties.
Figure 3.7 shows the variation of but-l-ene/total but-2-ene and ctg- 











Figure 3.6 Variation of hydrogenation (M-butane/but-l-ene) activity of 
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Figure 3.7 Variation of isomérisation activity (but-l-ene/but-2-ene and 
ct8-but-2-ene/troMS-but-2-ene) of the catalysts with Li/Co 
atomic ratio.
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that the selectivity for isomérisation towards either ois- or trans- 
but-2-ene does not change with increase in lithium content of the catalyst, 
as might be expected from the product distribution (see Figure 3.5). 
However, the selectivity for isomérisation from but-2-ene to but-l-ene 
remains unchanged only up to Li/Co ~ 6 , beyond which it increases.
From the results of this investigation it is clear that both the 
hydrogenation and hydrogenolysis activity of the hds catalyst are 
affected by the addition of lithium to Co-Mo/y-AlaOg. In order to 
obtain information about the influence of lithium addition on the structure 
of the cobalt molybdate system, characterisation of the samples was 
undertaken by using a number of physical techniques.
3.3 Physical Characterisation
(1) U.v.-visible reflectance spectra
Transition metal ions supported on an inert matrix exhibit absorption 
bands due to electronic transitions in the u.v.-visible and near infra­
red region of the spectrum. These absorption frequencies are character­
istic of certain arrangements of molecules within their environment. A 
series of reflectance spectra were recorded for several lithium containing 
catalysts, as well as for a catalyst without lithium.
Figure 3.8 shows the spectrum of C0 O-M0O 3/Y-AI2O 3 (Li/Co = 0) which was 
typical of the spectra of all the lithium containing samples shown in 
Appendix A-1. Each spectrum consists of two groups of bands. One broad 
band is in the range 32000-40000 cm"^, and it attributed to molydenum 
in both co-ordination states (tetrahedral and octahedral).** The second 
group of absorption bands is in the range 17000-18000 cm“* and is due to
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Figure 3.8 A typical reflectance spectrum of the lithium containing 
catalyst series (corresponding to the catalyst with no 
lithium).
- 75 -
Co*+ (tetrahedral).** A small amount of cobalt may be present in
octahedral co-ordination as CosO^, which was reported by Martinez et
as a result of magnetic susceptibility measurements. However, the
octahedral fraction of Co^^ ion is difficult to detect^* in the presence
of tetrahedral Co^* because the absorption band due to the octahedral 
2 g2+ ion is very small (- 50 times) compared to the band given by the
same amount of the tetrahedral Co*"*’ ion.
No appreciable difference was observed in intensity of absorption 
bands for cobalt as the lithium content in the catalyst series was varied. 
This is shown in Figure 3.9, where the transmittance due to cobalt is 
plotted against the Li/Co ratio. No broadening of the molybdenum band 
was observed with increasing amounts of added lithium, unlike that 
reported by Martinez et who worked on a series of catalysts with
different cobalt content. They found a broadening of the molybdenum band 
and suggested that this broadening was due to Co enhancing the dispersion 
of molydenum over the y-AlaOg surface.
(2) %-ray studies
%-ray diffraction patterns recorded for the lithium series of 
catalysts are shown in Figure 3.10. The patterns of all the lithium 
containing catalysts and that of the Co-Mb/y-AlzOg catalyst are identical 
(see Figure 3.10). A comparison of Z-ray diffraction patterns of an 
hds catalyst (Co-Mo/y-AlaOs) and several other oxides, i.e., AlaOs,
MoOs, CoO, LiaO, and CoAlaOi, are shown in Figure 3.11. All the patterns 
in Figure 3.10 are again similar to the diffraction pattern of y-AlaOs 












Figure 3.9 Variation of the tetrahedral cobalt signal intensity 
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constituent oxide (see Figure 3.11) is obviously not visible at all 
in the patterns of the series of catalysts investigated (see Figure 3.10) 
This is perhaps due to the fact that their amounts are relatively small 
compared with that of Y-AI2O3 . The main characteristic of the patterns 
given in Figure 3.10 is that the peak height increases (width decreases 
and hence intensity remains constant) with increasing lithium content.
The sharpening of the peak in the %-ray diffraction patterns suggest 
that the addition of lithium increases the crystallinity of the support 
(y-AlgOs). As y-AlaOa possesses a pseudo-spinel structure and forms a 
major part of the catalyst under investigation, it was not possible to 
obtain from %-ray studies information about the presence of other 
compounds such as cobalt molybdate (C0NO4), cobalt aluminate (C0AI2O4 ), 
cobalt oxide (C0 3O4) etc., which also possess spinel structure and which 
may be present in C0O-M0O 3/Y-AI2O 3 and lithium doped CoO-MoOg/y-AlaOa.
(3) Physisorption methods
(a) BET surface area and isotherm analysis
The full isotherms (adsorption and desorption branch at liquid 
nitrogen temperature) were recorded for all the catalysts of the series. 
The results are presented in Appendix A-3. To compute the surface 
areas of the catalysts, the initial part of the adsorption branch of 
the isotherms was used. Figure:3.12(a) and (b) show the BET plots.
The calculated BET surface area for the catalyst series, together with 
the values of the monolayer capacity, Vm, and the constant C in the 
BET equation, are recorded in Appendix A-4. Figure 3.13 shows the 
plot of the BET surface area against the Li/Co ratio for all the 
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Figure 3.12(a) BET plot for the lithium containing catalyst series for 
catalyst with Li/Co atomic ratio of 0.0 (•), 1.63 (o), 














BET plot for the lithium containing catalyst series for 
catalyst with Li/Co atomic ratio of 6.53 (O), 8.48 (#), 
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Figure 3.13 Variation of the surface area for the lithium containing 
catalyst series with Li/Co atomic ratio.
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range 0 ^ Li/Co ^ 6.5, the lithium addition to the catalyst does not
have any influence on the surface area. However, for Li/Co >6.5
the lithium causes a sharp decrease in the surface area of the catalysts.
It is known that the shape of the isotherm is highly dependent on 
the nature of the adsorbent surface.^* For solids containing mesopores 
(20-500 A), capillary condensation takes place in the middle or upper 
part of the isotherm, whereas for solids with micropores, pore filling 
occurs at a low relative pressure (p/pg). An indication of the nature 
of the adsorption process may be obtained by inspection of the isotherm 
shape. Figures 2.7 and 2.8 [Section 2.2(4)] show the classification 
of the adsorption isotherms and the classification of characteristic 
hysteresis loops which are most frequently encountered.
To investigate the effect of lithium addition on the nature of the 
adsorbent surface (Y-AI2O 3 support), full isotherms at liquid nitrogen 
temperature for the catalyst series are plotted in figures 3.14(a)-(i) 
by using the data recorded in Appendix A-3. The isotherms in these 
figures do not seem to correspond completely to any individual isotherm 
pattern in the BDDT classification. They appear, however, to be a 
combination of type II and type IV isotherms (see figure 2.7). Their 
hysteresis loops correspond mainly to type A in de Boer's classification 
(see Figure 2.8) and it is associated with capilliary condensation in 
mesopores.
It can also be observed from these figures that catalysts with 
low lithium content present a quite large hysteresis loop, indicating 
a wide distribution of mesopores. However, as the lithium content 
increases, the size of the hysteresis loop decreases, which suggests 
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(b) Pore size distribution
The pore size distribution of the series of catalysts were 
determined by the method of Orr and Dellavalle^* using desorption 
data extracted from the isotherms shown in Figure 3.14 (a)-(i). The 
results of the pore size distribution analysis are recorded in Appendix 
A-5 and plotted in Figure 3.15. From this latter figure it can be 
seen that for catalysts in the composition range 0 < Li/Co ^ 6.5, pore 
size distributions do not differ significantly. For the remaining 
catalysts (i.e., with Li/Co > 6.5) the pore size distributions do alter. 
For samples with high Li content (Li/Co > 6.5), pores with relatively
O
small radii ( 20 A) disappear first and, with further increase in the 
lithium content, larger pores progressively disappear.
For all the catalysts of the series, almost 100% of the volume is
o
occupied by pores with radii less than 95 A. It has been found that, 
for some catalysts, the accumulative surface area (determined by pore 
size distribution) ZASp is much higher than the BET surface area. This 
points to severe irreversibility in the process responsible for the 
desorption branch, and thus to a bottle-neck effect.^*
(4) Electron spite- resonance spectra
An e.s.r. signal is observed when unpaired electrons are present in 
the sample. Thus the e.s.r. technique can provide information about the 
oxidation state of the metal present in the catalyst. The signal is 
very sensitive to small concentrations of any paramagnetic species.
It was discovered earlier^^ that reduced M 0 O 3 / A I 2 O 3  produced a 
rather large e.s.r. signal which was attributed to the Mo^ species. The
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Figure 3.15 Pore volume distribution for the lithium containing 
catalyst series.
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e.s.r, signal is characterised by its g value (spectroscopic splitting 
factor) which was found to be 1.930 for Mo^.** In general, the No^ 
species is believed to be an intermediate in the reduction of Mo to 
lower valencies. In the present study the effect of the addition of 
lithium on the reducibility of cobalt molybdate was Investigated and 
for this purpose, studies have been made in two ways:
(a) reduction of the catalysts in an atmosphere of 
hydrogen;
(b) reduction plus sulphidation of the catalyst in 
a mixture of hydrogen sulphide in hydrogen
(10 V % HzS in Ha).
(a) Reduction of the series of catalysts in hydrogen
A typical e.s.r. spectrum for the series of catalysts is shown in 
Figure 3.16. The spectra for the remaining samples are given in 
Appendix A-^ 2(i). The signal intensity was very strong and is attributed 
to Mo^ on the basis of its calculated g value of 1.927 and which 
corresponds well with the value reported in the literature.**
As the peak-width remains constant in each case, the peak height 
in each e.s.r. spectrum has been taken as a measure of the intensity 
of the Mo^ (see Figure 3.17). The peak intensities are plotted against
the Li/Co atomic ratio as shown in Figure 3.17. It can be seen from
Figure 3.17 that there is a decrease in the e.s.r. signal intensity of 
Mo^ species as the Li/Co atomic ratio increases from 0 to 5. However, 
this is followed by a sharp increase in the intensity of the e.s.r. 
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Figure 3.16 A typical e.s.r. spectrum for the lithium containing 
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VFigure 3.17 Variation of the e.s.r. signal intensity due to the Mo'’ ion 
with Li/Co atomic ratio for the lithium containing catalysts 
series pretreated with hydrogen.
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The results will be discussed and interpreted in the following 
section, together with the results of e.s.r. studies of the catalysts 
after treatment with hydrogen sulphide and hydrogen. However, at 
this stage it is worth noting that lithium addition does, in fact, 
affect the reducibility of molybdenum in the catalysts.
(b) Reduction and sulphidation of the series of catalysts
Figure 3.18 shows an e.s.r. spectrum of a lithium containing catalyst 
(Li/Co = 1.63). It is typical of the spectra of samples in the series 
which are presented in Appendix A-2$i) . The results show that, apart from 
the signal corresponding to the Mo^ species, there are two new signals 
whose g values are 1.976 and 1.991 respectively. The e.s.r. signal 
intensity of all the catalysts are plotted against their Li/Co atomic 
ratio in Figure 3.19. For convenience, and as a means of direct com­
parison, the data plotted in Figure 3.17 (reduction plus sulphidation) 
have been combined and plotted in Figure 3.20. All the signal intensities 
have been normalised for the same receiver gain. It can be observed 
from Figure 3.20 that the Mo^ signals obtained from HzS + Ha treatment 
are much smaller than those obtained from Ha treatment over the whole
composition range (0 Li/Co ^ 10). The results suggest that the 
VI V
reduction of Mo to No , or to lower valence states, is enhanced in 
the case of sulphide species. This is supported by the appearance of 
two new extra signals in the case of sulphided samples : the peak with
g = 1.991 is attributed to Mo^^^ s p e c i e s , ® w h i l e  the other, with a 
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Figure 3.18 A typical e.s.r. spectrum for thenlithium;containing series 
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Figure 3.19 Variation of the e.s.r. signal intensity with Li/Co ratio for
the lithium containing catalyst series pretreated with a mixture 
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Figure 3.20 Comparison of the e.s.r. signal Intensity of reduced catalysts 
and reduced plus sulphided catalysts against Li/Co atomic ratio,
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From a close examination of the experimental results on the 
reduction and sulphidation experiments (given in Figure 3.19), it can 
be seen that the Mo^^^ signal intensity attains a maximum value as the 
Li/Co ratio increases from 0 to 4. This suggests that the reduction 
of the Mo^ species is enhanced as the Li/Co ratio increases to 4. For 
higher values of the Li/Co ratio (> 4) the Mo^^^ e.s.r. signal intensity 
begins to decrease while the Mo^ signal intensity increases until the 
Li/Co ratio is about 6.5. This suggests that for values of Li/Co > 4 ,  
the reducibility of molybdenum is suppressed by lithium addition. As 
the Li/Co ratio increases beyond 6.5, the intensity of the Mo^ signal 
begins to diminish again while the Mo^^^ signal continues decreasing.
A possible explanation of this phenomenon may be found by superimposing 
the plots of surface area (see Figure 3.13) and the Mo^ and Mo^^^ signal 
intensities against the Li/Co atomic ratio as shown in Figure 3.21. It 
has been demonstrated by pore size distribution measurements (see 
Figure 3.15) that the presence of large amounts of lithium causes the 
gradual disappearance of a fraction of the pores of the catalysts with 
a concomitant sharp decrease in surface area. This could be the reason 
for noting the decrease in the formation of Mo^ and Mo^^^ species 
explained by the decrease in the availability of molybdenum species 
for reduction. Figure 3.21 shows that both the Mo^ signal intensity 
and the surface area begin to decrease at about the same Li/Co atomic 
ratio 7).
In order to elucidate the effect'of lithium on the reducibility of 
molybdenum for catalysts with Li/Co > 7, the signal intensity of Mo^ and 
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Plot of Mo and Mo e.s.r. signal intensities and surface area 
against the Li/Co atomic ratio
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Figure 3.22 Plot of e.s.r. signal intensities per unit surface area 
against Li/Co atomic ratio.
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The intensity of No^ and Mo^^^ signal per unit surface area in 
the range of composition Li/Co > 7 remains almost constant, which 
suggests that the addition of lithium above Li/Co = 7 does not affect 
the reducibility of molybdenum. For the range of composition 
0 ^  Li/C ^  7, where the surface area of the catalysts remains almost 
constant, the reducibility of molybdenum is clearly affected.
In the case of the catalysts treated with hydrogen, a similar 
explanation to that given above regarding the effect of lithium on the 
reducibility of molybdenum can be exploited to interpret the observed 
variation in the Mo^ signal intensity with Li/Co ratio (see Figure 3.17). 
This explanation may, however, be somewhat speculative because no signal 
due to the Mo^^^ species was detected in the case of samples treated 
with hydrogen. The reason for not observing any Mo^^^ signal in the 
case of samples treated with hydrogen (unlike those treated with 
hydrogen plus hydrogen sulphide) is that the extent of reduction over 
the whole range of composition (0 Li/Co ^  10) is much less in the 
former case than in the latter, as was pointed out earlier in this 
section (see Figure 3.20).
3.4 Interpretation of the Catalytic Activity in Terms of Physico­
chemical Properties
The lithium series of catalysts used in the present investigation 
were subjected to physico-chemical characterisation tests, both for 
the oxide and sulphide forms. Z-ray diffraction, u.v.-visible reflectance 
spectroscopy, measurement of the BET surface area and pore size distribution 
analysis were used to study the catalysts in their oxide form, while e.s.r. 
spectroscopy was used for the catalysts treated with either Hg or HgS + Ha 
mixtures.
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The Z-ray studies did not provide any information regarding the 
structural change of the catalysts due to Li"^  addition (see Figure 
3.17), but reflectance studies did show that the addition of lithium 
does not affect the structural (tetrahedral and octahedral) environ­
ment of Co** or Mo** ions [see Section 3.3 (1)]. However, the 
information obtained from physisorption and e.s.r. studies might be 
used to explain the hds activity of lithium doped Co-Mo/AljOs catalysts. 
This is offered as an interpretation in the following section.
(1) Hds reaction
The results of the catalytic activity and surface area measurement 
for the lithium series of catalysts are given in Figure 3.23. On the 
basis of these results, the catalyst series can be divided into three 
ranges :
(a) range 0 ^ Li/Co ^  3 where the activity increases but 
the surface area remains constant;
(b) range 3 ^ Li/Co ^ 6.5 where the catalytic activity 
decreases without any change in surface area;
(c) range Li/Co > 6.5 where both the activity and 
surface area decrease.
Although the surface area remains constant over the range 0^< Li/Co 
6.5, it decreases sharply for high values of Li/Co atomic ratios 
(> 6.5). Therefore, in order to understand the effect of lithium 
addition (independent of surface area) on the catalytic activity, 
the activity was normalised on the basis of unit surface area and 
plotted against Li/Co ratios as shown in Figure 3.24. The scattering 
of the data in this plot is due mainly to the fact that the ratios of 
activity to surface area were calculated by using the respective 
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Figure 3.24 Plot of hds activity per unit surface area of the catalyst 
against Li/Co atomic ratio.
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the average trend.
From Figure 3.24 it is clear that the addition of lithium over the 
first two ranges (0 ^  Li/Co ^ 3) and (3 ^ Li/Co ^ 6.5) affects the 
hds activity of the catalysts, whereas further addition of lithium 
(third range, Li/Co > 6.5) has no effect on the activity at all.
These results of catalytic studies could be interpreted in terms 
of the reducibility of molybdenum as affected by the lithium addition 
which has been revealed by the e.s.r. studies [see Section 3.3 (4)].
The main deductions arising from the e.s.r. studies are given below.
From the pattern of the variation of Mo^ and Mo^^^ signal intensities 
with Li/Co atomic ratio (see Figures 3.19 and 3.22), it appears that the
reducibility of molybdenum as influenced by lithium addition can also 
be divided roughly into three similar composition ranges:
(a) range (0 .< Li/Co ^  4) where addition of lithium 
increases the reducibility of molybdenum;
(b) range (4 ^  Li/Co 7) where addition of lithium 
hinders the reduction of molybdenum;
(c) range (Li/Co > 7) where the addition of lithium 
has no effect on the reducibility of molybdenum.
In the first range of composition (0 < Li/Co < 4) the activity 
increases with the simultaneous increases in the reducibility of molybdenum. 
The catalytic activity, in the second range of composition (4 5 , Li/Co < 7), 
begins to decrease, together with a decrease in the reducibility of 
molybdenum. For the catalysts in the composition range Li/Co > 7, both 
the cataltyic activity and the reducibility of molybdenum are not sig­
nificantly affected by increasing the lithium content. From the above 
discussion, a direct correlation between the reducibility of molybdenum
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and hds activity of the catalysts over the whole range of composition 
(0 ^  Li/Co ^ 13) is therefore apparent.
It was suggested by Desikan and Amberg^^ that hydrodesulphurisa- 
tion reactions are associated with molybdenum. This means that any 
alteration caused in any way to the molybdenum species is likely to 
affect the desulphurisation reaction. The result of the present in­
vestigation does, indeed, support this view. Further support for the 
correlation between activity and reducibility of hds catalysts has been 
provided by the work of Ratnasamy et aZ.,®® in addition to work of 
Thomas et aZ.*®
In a recent report, Kelly and Teman®^ claim that addition of 
small amounts of lithium to the Co-Mo catalyst enhances its sulphur 
removal capacity, as observed in the present studies. These authors 
explained their results in terms of changes in catalyst electronic 
properties caused by the addition of the metal. The same authors did 
not perform any experiment to characterise the catalysts either physically 
or chemically. It is thus probable that their explanation is purely 
speculative. However, the results of the present catalytic studies are 
supported by the results of characterisation studies.
It is known®^ that Mo^^ species (promoted by the Co^^ ion) are 
active sites for hds reaction in C0 -M0 /AI2O3 catalysts. The present 
study revealed that the variation of both the catalytic activity and the 
concentration of Mo^^^ species with respect to the Li/Co ratio, follows 
the same pattern (see Figures 3.2 and 3.19). Therefore, it would not be 
unreasonable to suppose that, in addition to Mo^^, Mo^^^ may play an 
important role as an active species in hds reactions. The role of Mo^^^
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as an active species in hds catalysts has been suggested by earlier 
workers.**»**
(2) Isomérisation and hydrogenation reaction
Studies of isomérisation and hydrogenation reactions occurring 
simultaneously with the desulphurisation of thiophene have been 
reported by Amberg and co-workers.*^»^* They associated the de­
sulphurisation and hydrogenation reactions with the strength of acidic 
sites (Lewis type) of the catalyst.^* It is well known®* that the 
alumina used as support could also catalyse the isomérisation reactions 
for olefin compounds. However, results of other investigations 
suggest that, apart from alumina, there are other major components in 
the sulphide catalyst which might have isomérisation properties. Among 
these components are:
(a) M0 S2 (studied by Kieran and Kemball*^);
(b) CogSe (investigated by Lewis®®);
(c) a cobalt-sulphur catalyst (patented by Germana and Pollitzer®^) 
for selective isomérisation of olefin.
As a standard hds catalyst (sulphided Co0 3 -Mo0 3 /Al2 0 3 ) may contain 
a mixture of all these species responsible for isomérisation reactions, 
the understanding of the problem of olefin isomérisation during thiophene 
hydrodesulphurisation is far from clear.
Two types of isomérisation reaction occur simultaneously during the 
hydrodesulphurisation of thiophene: (a) Isomérisation between cis-and
trans-but-2-ene, and (b) isomérisation of but-l-enes and but-2-ene (ots 
and trans). The general scheme of these reactions is given below:





The results of the present Investigation concerning the isomérisation 
reaction occurring during the hds of thiophene are given in Figure 3.7. 
These results, together with the results for the hydrogenation reaction 
(given in Figure 3.6) can be explained on the basis of the deductions 
of Desikan and Amberg. *■* They studied the thiophene desulphurisation 
simultaneously with the hydrogenation reaction. It was concluded 
that two kinds of acidic site (Lewis type), one strongly acidic and the 
other having a low affinity for electrons, were present in the sulphide 
cobalt-molybdate catalyst. The strong acidic sites are sufficiently 
electrophilic to interact with the olefin and to hydrogenate them, while 
the weak sites are considered to be associated with the bulk of the de­
sulphurisation in the hydrogenolysis of thiophene. However, the authors 
did not attribute these sites to any particular chemical species present 
in the catalyst, nor did they specify any particular site as being 
responsible for isomérisation. Nevertheless, they clearly mentioned 
that there is an interaction between the acidic sites and the olfeins.
Apart from this, no clear information is available regarding the sites 
responsible for isomérisation on a CoO-MoOs/y-AlaOa catalyst* However, 
a possible explanation of the results observed for the isomérisation and 
hydrogenation reactions (see Figures 3.6 and 3.7) are postulated. The
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strong acidic sites may be considered to be responsible for hydro­
genation reactions, as proposed by Desikan and A m b e r g . T h e s e  sites 
could also be associated with the isomérisation reaction between but- 
l-ene and but-2-ene. Figures 3.6 and 3.7 show that both the hydro­
genation and isomérisation (but-l-ene to but-2-ene) reactions are 
affected when the amount of lithium present in the catalyst increases 
beyond Li/Co = 6.5. This is perhaps due to the fact that the strong 
acidic sites, which are likely to be responsible for isomérisation, are 
affected by the addition of large amounts of alkali metal (Li), although 
such effect is not significantly noticeable at low concentrations.
From Figure 3.7 it can be seen that the ratio of ovs- to t3?ans-but-2-ene 
remains unchanged over the whole range of Li/Co ratios.
The weak acidic sites may be responsible for the isomérisation 
between ois- and trans-but-2-ene. These weak electrophilic sites are, 
perhaps, not affected at all by the amount of lithium added to the 
present series of catalysts. The large difference in electron affinity 
between the strong acid sites and weak sites, which are both present 
in the catalyst, causes the addition of lithium to affect the former 
sites more than the latter.
CHAPTER 4
STUDIES ON THE KINETICS OF THE HDS REACTION 
AND MODELLING OF THE KINETIC DATA
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4.1 Introduction
Knowledge of the kinetics of a reaction is essential for the 
successful design of catalytic reactors. Therefore» in order to 
predict accurately the conversion, yield and product selectivity, 
re Iiable kinetic models are required which can provide a good des­
cription of the kinetics of the hds reaction. Mathematical techniques 
of kinetic modelling have been extensively discussed in the literature, 
such as chemical engineering texts and reviews.
Generally, the mathematical modelling of the kinetics of catalytic 
reactions is carried out by using either a simple power function law 
(P.L.) or the Langmuir, Hinshelwood, Hougen and Watson (LH-HW) approach. 
Before giving more detailed information regarding these two approaches, 
it is important to mention how the kinetic data are obtained experi­
mentally .
(1) Intrinsic kinetic region
The process of gaseous reaction over a particular catalyst is 
very complex. It involves the transport of reactants and products 
to and from the bulk of the gaseous phase and the catalyst surface, 
adsorption and desorption of re ætants and products and also the 
chemical transformation occurring on the active sites of the catalyst.
Two types of transport processes can be identified, namely external 
and internal transport. The chemical transformation involves three 
steps: chemisorption of at least one of the reactants, chemical reaction 
and desorption of the products. Any of the steps involved in either
the transport processes or chemical transformation may be rate limiting 
and therefore the controlling factor in determining the reaction rate.
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X.n order to obtain intrinsic kinetic data, experiments must be
carried out under conditions where the transport effects, either mass
or heat transfer, are negligible or at least minimised. In the
present work various experimental tests were carried out to determine
the intrinsic kinetic region where transport effects were negligible.
Under such conditions, models of the rate of reaction were based only
on the steps involved in the chemical transformation. The choice of
kinetic models as well as their discrimination is based mainly on 
0
the mechanistic information of the reaction presented in Chapter 1,
4.2 Power Law Rate Model
Let us consider a general reaction of the form:
A + B  y C + D (4.1)
The rate of reaction may be written:
r(Pi,T) = k(T)f(PiJ) (4.2)
The constant k is the reaction rate constant which depends only on 
the temperature T. This constant k is often represented according 
to the law proposed by Arrhenius
k = A.e"G/*T (4.3)
where A = pre-exponential factor approximately independent 
of temperature;
E = apparent activation energy; and
R = gas constant.
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The function f(Pijr) depends mainly on the partial pressure of 
the reactants, products and inhibitors. This function may also 
depend on the temperature. Very often f(Piy) is temperature in­
dependent and to a high degree of approximation can be written as:
f(PiJ’) = (4.4)
i
where nj is the order of reaction with respect to each of the *i 
species. Then the rate of reaction is represented as:
In cases where the experimental data have been forced to fit 
this type of rate expression it may be found that the orders of 
reaction vary with temperature. In such cases the observed corre­
lation should be applied only in a restricted and specified temperature 
interval.
4.3 LH-HW Kinetic Models
The LH-HW approach was developed by Hougen and Watson** as an 
extension of the Langmuir-Hinshelwood kinetic theory of catalyst 
surfaces.* * The LH-HW kinetic equations are the result of the
application of Langmuir's adsorption theory to heterogeneous catalytic 
reactions. This theory provides a method for relating the equilibrium 
surface concentration of an adsorbed species to the partial pressure 
of that species. The Langmuir theory is based on the following 
assumptions :
- 113 -
(i) Adsorbed molecules are localised at definite 
sites on the surface.
(ii) The differential energy of adsorption is 
independent of the coverage.
(iii) The maximum possible adsorption corresponds 
to a monolayer.
(iv) The rate of adsorption is proportional to the 
product of the partial pressure and the number 
of unoccupied sites.
(v) The rate of desorption is proportional to the 
number of molecules adsorbed.
On the basis of these assumptions an expression for the 
fractional coverage of any species in terms of the partial pressure 
of all the species present may be derived considering that the 
adsorption and desorption steps are in equilibrium. This can be 
easily visualised from the following general irreversible reaction:
A + B ---> C + D (4.6)
The steps involved in the reaction on a surface site, S, could 
be written as:
(i) A + S AS Adsorption of A (4.7)
(ii) B + S ^ ^ B S  Adsorption of B (4.8)
(iii) AS + B S — ^CS + DS Surface reaction of (4.9)
adsorbed A and B
(iv) CS C + S Desorption of C (4.10)
(v) DS;=^ D + S Desorption of D (4.11)
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Suppose that Â and E adsorb on a single site (as written above) 
and the surface reaction [equation (4.9)] is the rate limiting step. 
The other steps are assumed to be in equilibrium. Their adsorption 
equilibrium constant is given by:
K. = ^  (4.12)
(i = A, B, C, D)
where 8 ^^ is the fractional coverage of the species 'i' and 0^ is the 
fraction of vacant sites. 0 ^ may be expressed as:
®i - (1 + + V b  + V c  + V d ^
(i = A, B, C, D)
If the species A requires n site for adsorption and species B m 
sites, the fractional coverage of A and B are then given by:
6 -  V a _________________ (4.14)
(1 + V a + V b + Vc + V d>”
®B = ,--------------- V b (4.15)
(1 + Va + Vb + Vc + W
If the species A dissociates into two parts on adsorption, the 
fractional coverage of A becomes :
6^ = _____________ "^A^A___________________ (4.16)
(1 + + KgPg + K^P^ + V „ )
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Let us consider now that two different sites exist on the surface 
of the catalyst. Assuming that species A and C are associated with 
one kind of site, while species B and D are associated with another 
kind of site, the fractional coverage of A and B is given by:
e =  b h ______„ (4.17)
A + + V c )
° (i + V b* +  S V "
The rate expression for the irreversible reaction may then be 
formulated as follows:
(a) According to the Langmuir-Hinshelwood mechanism (which 
assumes surface reaction between adsorbed molecules
(A and B) as the rate limiting step:
r = ke^0g (4.19)
(b) According to the Eley-Rideal mechanism (which assumes 
surface reaction between adsorbed species A and B in 
the gas phase as the rate limiting step):
r = kBjPg (4.20)
Cc) According to one of the Hougen-Watson mechanisms (which 
might, for example, assume that adsorption of A is the 
rate limit step (0^ ^  0 %]:
r =; kP^0g (4,21)
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The UhrHW rate model-building technique is based on Langmuir*s 
theory of adsorption. The assumptions involved do not necessarily 
hold in practice. Boudart** and Weller** have critically discussed 
this technique, its applicability and its limitations. Furthermore, 
the LE-HW rate expressions are obtained by assuming that one step 
controls the overall rate of the reaction while the other steps are 
at equilibrium for all reaction temperatures. However, Thaller 
and Thodos** have shown that the rate limiting step could change 
depending on the operating condition. Apparently, it seems that 
the LH-HW model-building technique is of very limited application, 
but the fact remains that many catalytic reaction rates cannot be 
described adequately by using a simple model, especially when the 
reaction is inhibited by the reactants and/or by products.
(a) Discrimination between rival models
It may happen that more than one model describes mathematically 
the experimental rate data. This creates a need for selecting an 
appropriate model and discriminating between such a model and others 
on the basis of further information. Model discrimination between 
rival models may be achieved by both chemical and statiscally 
oriented approaches.
The chemical approach permits a choice of the rate expression 
based on knowledge obtained from physicochemical studies. The 
statistical approach allows a choice of model based on goodness 
of fit of the experimental data. Mezaki and Happel*^ have published 
a detailed review of the discrimination techniques for solid catalysed
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gaseous reactions.
Another criterion which can be used to aid discrimination 
between LE rival models has been suggested by Boudart et 
they proposed a series of rules to examine the standard entropy 
(ASâ) of adsorption (derived from the adsorption constant deduced 
from the models). These rules are:
Rule 1 Asi < O
Rule 2 |ASa| < Sg Sg standard entropy of the gas
Rule 3 |ASa| < 10 e.u. 1 e.u. = 1 cal/(mole K)
Rule 4 -ASa < 12.2 - 0.0014 AHa
The first two rules should be rigorously obeyed while the other 
are more or less empirical.
4.4 Results
(1) Intraparticle and interparticle mass transfer effects
In the present investigation various experimental tests were
carried out to determine the intrinsic kinetic region where mass
transport (external or internal) was not influencing the rate of 
reaction. Corrigan*® described in detail how to conduct such
tests. To check for external (interparticle) mass transfer, the
reactor was loaded with different amounts of catalyst by keeping the
ratio of mass of catalyst to total gas flow rate (W/F) constant.
Conversion was then measured at various reaction temperatures. On
the other hand, to check for internal (intraparticle) diffusion effects,
the reactor was loaded each time with the same amount of catalyst using,
in each case, different particle sizes.
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Two catalysts were chosen for the hds kinetic studies (Li/Co = 0.0 
and Li/Co = 1.63). However, the mass transfer limitation tests 
were carried out on the lithium free catalyst only since the physical 
characterisation studies (see Section 3. , Chapter 3) (BET surface, 
area and pore size distribution) indicated no significant difference 
between these two catalysts. The results of these tests are shown 
in Table 4.1. It can be seen from the table that (i) the conversion 
of thiophene remains unchanged when W/F is constant, (ii) change in 
particle size does not influence the rate Af reaction. These results 
indicate that the effects of external and internal mass transfer are 
minimum in the range of temperature studied. Therefore the kinetic 
data collected over this range of conditions is believed to be close 
to true hds kinetics.
(2) Kinetics of the hds reaction over lithium free (Li/Co = 0.0)
and 0.25 wC ^ % L'i cobalt molybdate catalysts (Li/Co = 1.63)
It is generally accepted*»* that the reaction of thiophene 
hydrodesulphurisation can be represented as a consecutive reaction 
(A ^ B ^ C) as shown below:
3Ha  y CtHs + HaS
Ha
C^ He — y  C4H10
Kinetic data for the first reaction has been obtained over two 
cobalt molybdate catalysts (Li/Co = 0.0 and Li/Co = 1.63) by using 
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(h) Internal mass transport test
Table 4.1 External and internal diffusion tests
data have been summarised in Appendix B-2 where the computations of 
the rate of disappearance of thiophene (r) is based on a material 
balance within an elementary volume of the tubular reactor. This 
equation is:
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' = Ft (4.22)
where is the thiophene flowrate, W is the weight of catalyst and 
X is the conversion.
The experimental error (Ar/r) involved in the rate was found to 
he within 6%. It was calculated on the basis of the errors involved 
in F^ arid X. The error in measuring the weight of the catalyst (W) 
was negligible compared to that involved in F^ and X.
The kinetic data obtained from the differential reactor employed, 
where the effect of reactants and products could be studied separately, 
are presented in the following way.
(!) Effect of thiophene concentration on the rate of reaction
Pure thiophene added to a stream of hydrogen enabled the effect 
of thiophene on the rate of the hds reaction to be investigated. The 
desired partial pressure of thiophene was set by adjusting the hydrogen 
flowrate and the delivery rate of thiophene. Figures 4.1 and 4.2 
illustrate the effect of thiophene concentration on the rate of dis­
appearance of thiophene over the two cobalt molybdate catalysts 
(Li/Co = 0.0, Li/Co = 1.63). Both the figures show clearly that 
the rate of the desulphurisation reaction is less than first order 
with respect to thiophene. The order of the reaction tends to 
zero, particularly at low temperatures and at relatively high partial 
pressure of thiophene.
The inhibition effect of thiophene on the rate of reaction has 
also been reported by earlier workers.^*”** However, such claims 
that thiophene inhibits hds reaction are not entirely clear and this
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Figure 4.1 Variation of the rate of reaction with thiophene partial
pressure at various temperatures for the lithium free
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Figure 4.2 Variation of the rate of reaction with thiophene partial
pressure at various temperatures for the cobalt molybdate
catalyst with 0.25% lithium (Li/Co = 1.63)
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will be discussed in detail in the subsequent section.
(li)Effect of hydrogen sulphide concentration on the rate of reaction
The effect of hydrogen sulphide on the hds reaction rate was 
determined experimentally by using a mixed feed of hydrogen sulphide 
with thiophene and hydrogen. The partial pressure of thiophene 
was held constant for all the runs with mixed feed while the partial 
pressure of the hydrogen sulphide was adjusted by varying the hydrogen 
flow rate and thus keeping the total flow rate constant. The effect 
of the hydrogen sulphide on the rate of reaction is shown in Figures 
4.3 and 4.4 for the two cobalt molybdate catalysts chosen for the 
kinetic studies. The inhibition effect of hydrogen sulphide was 
found to be very strong at low concentrations of HaS. This 
suppression effect on the rate of reaction is more marked as the 
temperature of the reaction increases.
4.5 Discussion of the Kinetic Results
No significant difference between the rates of reaction has 
been found for either of the two cobalt molybdate catalysts (Li/Co = 
0.0; Li/Co = 1.63) over the range of temperature studied. These 
results seem to conflict with the results of activity studies on 
these two catalysts reported in Chapter 3. However, the sample 
with Li/Co = 1.63 showed higher hds activity than that of the 
sample with Li/Co = 0.0 in spite of the fact that the reaction 
kinetics are identical on both the samples. A possible reason 
may be that the maximum temperature of the reaction for the kinetic 



















Figure 4.3 Variation of the reaction rate with the hydrogen sulphide
partial pressure at various temperatures for the lithium
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Figure 4.4 Variation of the reaction rate with hydrogen sulphide 
partial pressure at various temperatures for the cobalt 
molybdate catalyst containing 0.25% lithium
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This suggests that the activation by lithium may depend on the 
tenperature employed for hds. Other factors such as the small 
amount of catalyst used for kinetic studies could also account 
for these insignificant differences of rate between the two 
catalysts. It was, of course, necessary to choose conditions of 
low temperature and small amounts of catalyst for the kinetic studies 
to achieve conversion less than 3% (differential operating conditions). 
Attempts to model the kinetics of hds reaction will be based on the 
catalyst with Li/Co = 0.0 in view of the fact that there is no 
significant difference between the kinetic data for the two catalysts 
studied.
The effects of reactants and products on the rate of reaction 
of hydrodesulphurisation of thiophene have been reported by several 
i n v e s t i g a t o r s , T h e i r  experiments were carried out using 
batch and external or internal recycle reactors. In such reactor 
types the reactants and products are always mixed together in 
appreciable amounts. Therefore the effects of thiophene and hydrogen 
sulphide on the rate of reaction are very difficult to evaluate.
The use of a tubular differential reactor helped to overcome this 
problem since the reactor operates at very low conversions 
very little product is formed), This enables one to examine clearly 
the effect of thiophene on the reaction rate. On the other hand, 
by using a mixëd feed of reactant with at least one of the products 
(thiophene + H 2S) and by keeping the thiophene concentration constant, 
the effect of hydrogen sulphide on the rate could be assessed with 
little difficulty.
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4 .6 Modelling of the Reaction Kinetics Data
(1) Numerical estimation of kinetic parameters
Two numerical estimation techniques were used to evaluate the 
unknown parameters in a particular kinetic rate expression. These 
techniques are described briefly below:
(i) Multivariable linear regression analysis
This technique was applied to the cases where the kinetic rate 
expression can be transformed into a linear expression such as:
y = 3o + B - Æ  + PaXa + ----------------  (4.23)
where y is a function depending on the observed rate and often on 
the partial pressure of the reactants. The variables are 
usually the partial pressures of reactants and products and 3 ^ are 
the kinetic parameters to be determined. The technique minimises 
the sum of squares of residuals (SSR).
SSR = X (yob i ypred i)^ (4.24)
i=l
The estimated parameters which minimise the SSR are evaluated 
by solving the following matrix:
b = (X^X)'^X^Y (4.25)
where b is the matrix of the hi estimated values of 3i, X is the 
matrix of the independent variables at each observation (X^j), Y is 
the matrix of the dependent variable at each observation (y^) and 
X is the transpose of X. Details of the linear regression analysis
can be found in Draper and Smith. lOO
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It may he pointed out here that the dependent variable y in 
equation (4.24) contains the observed rate of reaction lumped with 
some other terms. The minimisation of the SSR is with respect to 
the lumped variable y and not based solely on the rate observed. 
Furthermore, the estimated parameters 8 ^ are not the kinetic para­
meters, but a combination of them.
The advantage of this technique is its simplicity in application
and also the low computing time required. The computer programme
for linear regression analysis used in this study is part of a 
statistical programme package (Minitab) developed by the Statistics
Department, Pennsylvania State University, U.S.A. Details of the
programme package are given in reference 1 0 1 .
(ii)Non-linear regression analysis
Kinetic rate expressions may be formulated in non-linear form. 
Non-linear regression analysis techniques provide a direct estimation 
of the unknown kinetic parameters by minimising the SSR based on the 
observed rate.
n
SSR = X (%obs i “ ^pred i) (4.26)
i=l
where robs and rp^ed are observed and predicted rates respectively.
The non-linear regression analysis used in this investigation
was a P3R subroutine from the Biomedical program package. Health
Science Computing Faculty, University of California, U.S.A. The 
subroutine requires the non-linear function, the partial derivatives
with respect to each of the unknown parameters and the initial values
of the parameters.
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The programme stops when a convergence criterion, c, is 
satisfied for 5 successive iterations, K.
SSR (K + 1) - SSR (K)
SSR (K + 1)
Details of the subroutine are given in reference 102.
The computer programmes for linear and non-linear regression 
analyses were made available through the South Western University 
Computer network. University of Bath.
(2) Adsorption of reactants and products
Studies on the adsorption of reactants (hydrogen, thiophene) 
and products (Ci,-hydrocarbons, hydrogen sulphide) were carried out 
over cobalt-molybdate catalysts, using the catalyst as oxide, 
reduced, or reduced and sulphided forms.
(a) Adsorption of reactants
The reversible adsorption of hydrogen has been reported by 
several workers^®» and the adsorption appears to be negligible 
at room temperature.^*^
The kinetics of adsorption of hydrogen were studied in the 
temperature range 150-280® C.^®* The activation energy was found 
to be about 50 kcal/mol, which was indicative of a dissociative 
type chemisorption. In their studies Owen and Amberg^^»^® found 
that there are two types of adsorbed hydrogen, one very strongly 
chemisorbed and the other weakly.and reversibly adsorbed. Based 
on their experimental evidence they claimed that the weakly reversibly 
adsorbed (or perhaps even non adsorbed) hydrogen is necessary for 
the desulphurisation reaction to occur. The strongly adsorbed 
hydrogen was found to be almost inactive, although it was believed 
to play an important role in modifying the adsorption of thiophene.
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Thiophene adsorption has been reported to be reversible, 
although irreversible adsorption of thiophene has also been observed.^* 
The temperature coefficient, which gives an idea of the order of 
magnitude of the heat of adsorption, was found to be 9.5 kcal/mol.
(b) Adsorption of products
Adsorption of butanes in cobalt-molybdate catalysts was found 
to be 10 to 15 times weaker than thiophene adsorption,*^ A 
temperature coefficient of 8.5 kcal/mol was calculated for butene 
adsorption. The weak adsorption of butanes suggests that these 
products should not have any significant effect on the desulphurisa- 
tign reaction rate.
In the case of hydrogen sulphide, a reversible adsorption has 
been observed e x p e r i m e n t a l l y * * * * " ' T h e  rate of desopption was 
found to be very slow and proportional to the surface coverage. On 
the other hand, it has also been found that hydrogen sulphide can 
adsorb and decompose on alumina^*®® which is commonly used as a 
support for cobalt-molybdate catalysts. The rate of thiophene 
desulphurisation is affected significantly by the presence of ad­
sorbed hydrogen sulphide.**'"*""*
(3) Power law rate expression
Kinetic data for the thiophene desulphurisation reaction given 
in Appendix B-2 was obtained in two ways: (i) by using a thiophene
feed in hydrogen and (ii) by using a mixed feed (thiophene and 
hydrogen sulphide) in hydrogen.
In the former case, the effect of the hydrogen sulphide on the 
rate of reaction was considered to be negligible over the range of
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partial pressures of thiophene studied because of the low conversion 
and hence very small amount of hydrogen sulphide found in the product. 
In the latter case the partial pressure of thiophene was held constant 
over the entire range of partial pressures of hydrogen sulphide 
studied and leads one to consider two power law rate expressions of 
the type given in equation (4.5) to describe the kinetic data.
rx - kiPfC for Pg ~ 0, P^ VARIABLE (4.27)
where
and
1 = Axe^^/^^; Ax = AoiP?^ (4.28)
where
rj î= kaPgS for Pg variable, P^ = 101 mmHg (4.29)
ka - Aj = (4.30)
These two rate expressions were assumed to be independent of 
the hydrogen partial pressure because the variation in the partial 
pressure of hydrogen (12%and 23%) in the two cases discussed above 
covers a narrow range to determine a meaningful rate of reaction 
with respect to hydrogen.
Thé term Ax in equation (4.28) includes the partial pressure of 
hydrogen while the term Aa in equation (4.30) contains the partial 
pressure of thiophene in addition to hydrogen. In other words, 
they are not proper pre-exponential factors independent of temperature 
and concentration. Equations (4.27) and (4.29) were linearised 
and treated, over a range of temperature, by a multivariable linear 
regression analysis technique using the kinetic data given in 
Appendix B-2. The results are given in Table 4.2.
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InA^* E ^t ^s
(i = 1, 2) (kJ/mole) (%)
-3.78 56.4 0.52 - 98
(13,5)
1 . 1 2 64,4 - -0.41 99
(15.4)
Al = AoxPjî*^ ; Aa * AoaPjJ^P?^ where P^ = 101 mmHg
The values in parentheses express the activation 
energy (E) in kcal/mole
Table 4.2 Result of analysis on Power Law Rate Expression
The order of reaction with respect to thiophene and hydrogen 
changes slightly with the reaction temperature. This can be seen 
by applying linear regression analysis to the kinetic data at each 
temperature level. The variation in the order of reaction with 








Table 4.3 Variation of the order of reaction with temperature
Figures 4.5 and 4.6 show the graphs of the calculated reaction 
rate according to equations (4.27) and (4.28), and the results of 
Table 4.2 plotted against the observed rate. The error in the rate 














Figure 4.5 Power Law predicted rate against observed rate for case 













Figure 4.6 Rate predicted from Power Law against rate observed for 
case with no hydrogen sulphide in the feed
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e % = ^pred ^obs
^obs
X 100 (4.31)
where r^^^^ and r^^g represent the predicted and observed rate respec­
tively.
The kinetic data given in Appendix B-2 do not allow the formulation 
of a unique power law rate expression. Nevertheless, the results 
obtained give an indication of the value of the apparent activation 
energy and also suggest that hydrogen sulphide has an inhibiting effect.
(4) LH-HW rate expressions
Table 4.4 lists the most appropriate kinetic models found by 
applying the mechanistic information given in Chapter 1,1(2)(a) and 
Chapter 4.4(2). All the kinetic expressions (models 1, 2, 4-6) are 
of the LH-HW type, except model 3, which follows an Eley-Rideal mechanism 
in which surface reaction between adsorbed thiophene and gas phase hydrogen
is assumed to be the rate limiting step.
Many aspects, from the conflicting literature presented in Chapter 1, 
have been considered in the rate expression proposed in Table 4.4. The
following points were taken into account:
(i) Single and multipoint adsorption of thiophene
(ii) Homogeneous surface sites for adsorption for 
both hydrogen and thiophene.
(iii) Two different types of site for adsorption of hydrogen 
and thiophene.
(iv) No adsorption of hydrogen.
No adsorption term for butenes or butane were included in the kinetic 
rate models, the amount of those products formed during the reaction 
being very small (low conversions obtained in a differential reactor). 











2 r = n
3 r =
+ V t  + Vs>
Thiophene heterogeneous. Two types
adsorption types of sites: thiophene





' = (1 + reaction homogeneous
5 r =
kPtPh Surface heterogeneous. Two
(1 + K^P^ + KgPg)n(l + K^P^) reaction types of sites: thiophene
and HgS in one, Hg on the
kP,
6 r =





^R.L.S. = rate limiting step. n = thiophene point of adsorption (n = 
1, 2 , 3).
Table 4.4 Most probable models to describe the kinetics of thiophene 
desulphurisation
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presence of butenes do not retard the react of reaction significantly.
(a) Preliminary discrimination of kinetic model
An inspection of the kinetic data, illustrated in Figures 4.1 and 
4.3, indicates that the rate of reaction is inhibited by thiophene and 
hydrogen sulphide. Therefore the inhibition term in the LH-HW rate 
expression term sould contain the partial pressure of thiophene and hydrogen 
sulphide. Models 1 and 2 are not consistent with the experimental data
reported. Their inhibition terms only contain the term for hydrogen
sulphide. The present results are in agreement with the result of Owen and 
Ambérg^® who concluded that thiophene adsorption was unlikely to be the 
rate determining step. Instead they suggested the possibility of either 
surface reaction or hydrogen adsorption as a rate limiting step.
Model 6 considers the possibility of hydrogen adsorption being the 
rate limiting step. However, some of the kinetic parameters obtained 
by a multivariable linear regression analysis were found to be negative. 
Negative values of adsorption constants have no physical meaning and 
therefore this model was also rejected (although several investigators®»^® 
put forward the hypothesis that adsorption of hydrogen might control the 
reaction rate).
The remaining models proposed in Table 4.4 were analysed by using a 
non-linear regression technique. The number of points, n, required for 
thiophene adsorption was varied from 1 to 3. The initial parameter 
values required for the subroutine P3R were taken from the results of a 
linear-analysis of the models when linearisation of the kinetic expression 
was possible, otherwise model 5) these initial values were guessed
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on the basis of the Information obtained from other equations, such 
as that used to describe model 3.
A modification of model 5 was necessary due to a very poor estimation 
of the kinetic parameters. This was noticed by examining the sum of 
squares of residuals (SSR). A very small change in the SSR (at the 
fourth decimal place) produced a large variation in the estimated 
parameter value and this is an indication of poorly estimated values.
The assumption of a large coverage by hydrogen (K^P^ »  1) was considered 
in the following modified form of model 5 , which therefore results in 
the expression
kPt
^ '(1 + K P + K P )” (4-32)
t t s s
However, the assumption of a very small coverage by hydrogen (K^P^ «  1)
leads to a model similar to model 3 proposed earlier.
(b) Final correlation of the kinetic expression
The computed values of the kinetic parameters (k, K^, K^, K^), at 
various temperatures, for the models which best fit the experimental 
data are shown in Table 4.5.
The values of for model 4 (n = 1) were found to be very small 
and negative. However, on the basis of these results this model cannot
be rejected as Froment^** pointed out that the parameter should be
significantly negative before discarding any particular model. In the 
present study, uncertainty in the value of may be due to the fact that 
the range of variation in the hydrogen partial pressure was small and
that the partial pressure of hydrogen does not vary independently of the
variation of thiophene and hydrogen sulphide.
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Model Mo. Rate expression
(n -  1) (1 + V t  + KgPg)
( n - 2 )  “ (1 + K^Pj, + KgPg)*
Wt?h
4 kP^ Ph
( n - 1 )  " “ (1 + V t - ^  V s - ^  W *
5 kP.j.
( n - 1 )  " (1  + K^P^ + KgPg)
P., »  1H H
kP.
( n - 2 )   ^ " (1  4- K^P  ^ + KgPg)'
%  >> 1
t
** C)
k X 10“ K.J. X 10* 
(mm"* Hg)
Kg X 10* 
(mm-* Hg) (mm"* Hg)
SSR X 10**
260 4.1 30.9 77.4 1.40
280 4 .9 19.4 62.0 2.84
300 7.3 17.4 50.9 7.57
320 9.9 11.3 49.0 15.73
260 3.5 9.2 13.0 1.82
280 4.5 6.7 12.8 4.94
300 6.7 6 .1 11.3 12.68
320 9.5 4 .5 12.3 27.53
260 3.4 5.3 6.2 2.01
280 4.4 4 .1 6.4 5.81
300 6.6 3.7 5.8 14.85
320 9.4 2.8 6.5 32.87
260 3.4 9.1 12.9 -0 .9 1.82
280 5.1 7.3 13.8 9.2 4.94
300 6.7 6.1 11.3 0.10 12.68
320 8.4 4 .2 11.5 -8 .1 27.53
260 3330 40.11 117.0 1.21
280 3920 25.35 89.3 1.71
300 5880 23.16 73.8 4.51
320 7790 15.60 67.1 9.39
260 2710 10.72 16.9 1.6
280 3480 8.10 16.2 3.96
300 5200 7.39 14.3 10.03
320 7310 5.72 15.1 20.95
Table 4.5  Result of the non lin e a r analysis on models 3, 4 and 5
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The final selection of the rate expression is based on two factors.
(i) The examination of the kinetic data and (ii) the prediction of 
rates from the models in Table 4.5. Consider the prediction of rates 
for models 3, 4 and 5 by assuming either that one, two or three points 
are required for thiophene adsorption. The rate expression for models 
3 and 5 predict a maximum in the reaction rate with respect to the 
thiophene partial pressure when thiophene adsorbs at two or more sites.
The value of the thiophene partial pressure for which the rate is 
maximum is given by;
1 + K P
^  (4 -3 3 )
where n = 2, 3.
Similarly, model 4 also predicts a maximum in the rate for even a 
single point adsorption of thiophene. The partial pressure of thiophene 
for the maximum value of the rate (single point adsorption) is given by:
1 + K.P^ + K..P,
P.:------- ^ --—  (4.34)
An examination of the experimental results shown in Figure 4,1 
does not indicate a maximum in the rate of reaction over the entire range 
of thiophene partial pressure studied [which also includes the partial 
pressure predicted by equations (4.33) and (4.34)]. There are, therefore, 
good grounds for rejecting model 4.
Model 3 (n = 2) is similar to that proposed earlier by Satterfield 
and Roberts.®* Although this model gave a fairly good fit to the 
experimental data it was rejected since our range of thiophene partial
pressure was larger than theirs and no maximum in the rate was observed
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contrary to their observations. This probably confirms that the 
simultaneous effect of thiophene and hydrogen sulphide masks any 
true trends in the data, as suggested earlier in Chapter 1(2)(a)(ii).
This analysis leads one to consider only those kinetic expressions 
which do not predict a maximum in the reaction rate. Assuming that 
thiophene is adsorbed at only one point (n = 1), Models 3 and 5 conform 
to general requirements. Their kinetic expressions are given below.
Model 3 (n = 1) r = (i + (4.35)
kP^
Model 5 (n = 1) r = y  p— '+YY~) (4.36)
(modification of the original model 5 by the assumption »  1)
The sum of the square of residuals (SSR) for these two models was 
found to be of the same order of magnitude. Any small difference, 
however, may not be critical in order to discriminate between the two 
rival models. The parameter represented by k in the rate expressions 
[equations (4.35) and (4.36)] is a function of an intrinsic rate 
constant, k^, and also the thiophene adsorption constant, K^. This 
function arises because of the initial assumptions in the formulation 
of the rate expression for models 3 and 5. The assumptions were:
(a) Eley-Rideal mechanism is operative in the case of model 3, (b) high 
coverage of hydrogen in the case of model 5 , and (c) one point thiophene 
adsorption in the case of both the models. The relation between kf
- 142
and is similar for both models 3 and 5.
k = k- . (4,37)
In order to determine the values of the apparent activation 
energies (E), enthalpies (AH^, AHg) and entropies (AS^, ASg) of 
adsorption, the temperature dependence of k^ and and Kg, were 
linearised and plotted against 1/T (Figures 4.7 and 4.8).
ki = ko exp(-E/RT) (4.38)
Kt = exp(-AH[/RT + ASf/R) (4.39)
Kg = exp(-AHg/RT + AS^/R) (4.40)
Table 4.6 contains the final result of the analysis of the models 
3 and 5 for the kinetics of thiophene hds reaction. In Figures 4.9 
and 4 .10 the predicted rates are plotted against the observed rate for 
models 3 and 5. The maximum errors (%) are 34.9 and 25.4 respectively. 
However, 92% of the data falls within a 20% error bound for both models 
3 and 5.
4.7 Discussion of the Kinetic Modelling for Hds of Thiophene
The modelling of the reaction rate for thiophene desulphurisation 
shows that it is not possible to formulate a generalised power law rate 
expression from the kinetic data collected. A selection of a series of 
kinetic expressions (in the case of either LH-HM or ER models) was 
given in Table 4.4. Their discrimination was conducted mainly by an 
examination of the experimental data in conjunction with the information 
reported by earlier workers. Such discrimination leads to the selection 
of models 3 and 5 pwith n = 1) as the most appropriate models predicting 











Figure 4.7 Temperature dependence of the rate constant and equilibrium 
adsorption constants Ck^ (#), (v), (")]
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Figure 4.8 Temperature dependence of the rate constant and equilibrium 




































Figure 4.10 Plot of predicted rate against observed rate for model 5
(n = 1)
- 147 -
Parameter Model 3 Model 5
ko* 0.11 30.0
E (kJ/mole) 80.7 (19.3) 76.9 (18.4)
AH^ (kJ/mole) -41.0 (-9.8) -38.5 (-9.2)
AS^ (J/mole K) -106.0 (-25.4) -98.6 (-23.6)
AHg (kJ/mole) -20.9 (-5.0) -24.7 (-5.9)
ASg (J/mole K) -60.6 (-14.5) -64.0 (-15.3)
The values in parenthesis are express in kcal/mol, except 
those for AS^ and ASg, which are expressed in cal/mole K.
*Unit for ko Model 3 m o l e / ( s . m m * H g )
Model 5 mole/(S.gcat °™Hg)
Table 4.6 Final analysis of the models 3 and 5 for the 
kinetics of thiophene desulphurisation
Discrimination between the two rival models 3 and 5 (with n = 1) 
cannot be discerned by statistical means because of insignificant 
differences in the SSR values. Furthermore, the kinetic information 
reported in the literature is conflicting. Model 5 (n = 1), which 
is independent of the hydrogen partial pressure, agrees very well with 
the findings of Pease and Keighton.^^ On the other hand, model 3 (n = 1), 
which assumes an Eley-Rideal mechanism, agrees with the results presented 
by Amberg et at,
Roberts and Satterfield^* have proposed a kinetic expression similar 
to that of model 3 (n = 1). This expression gave a reasonably good 
fit to their experimental data. However, they rejected such a 
model, presumably because it failed to predict a maximum in the rate 
of reaction versus thiophene partial pressure which they observed
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experimentally. Nevertheless, one might presume that their 
observation of a rate maximum may well be caused by the simultaneous 
effect of thiophene and hydrogen sulphide on the reaction rate (as 
discussed earlier in Chapter 1). This is confirmed by the fact that, 
in this present work, a large range of thiophene partial pressure 
was employed and no maximum in the rate was observed. Neither is a 
maximum in the rate predicted by model 5 (n = 1). Furthermore, models 
3 and 5 were tested by using the kinetic data reported by Lee and Butt.®* 
Both models gave a reasonably good fit, model 3 proving better than 
model 5. Model 5 gave negative values of the parameters at the lowest 
temperature. However, the values of the parameters (k, K^ r, K^) in 
the rate expressions obtained in this way were different from the 
corresponding values obtained by analysis of the kinetic data obtained 
in this thesis.
The inhibition effect of thiophene and hydrogen sulphide for both
models 3 and 5 are significant, especially at low temperature. This
can be seen by examining the variation of the values of and K Pj ° t t s s
of the adsorption term as a function of temperature. The values of 
K^P^ and K^P^ were larger than unity for the maximum values of partial 
pressure of thiophene and hydrogen sulphide used in this investigation. 
The inhibition effect of hydrogen sulphide was larger than that of 
thiophene. The adsorption constants for thiophene and hydrogen sulphide 
for models 3 and 5 may, in theory, be related to the heat and entropy 
changes of the chemisorption process. The enthalpy and entropy for 
both models are given in Table 4.5. The values of AH.^  were -41.0 and 
-38.5 kJ/mole (-9.8 and -9.2 kcal/mol) for models 3 and 5 respectively.
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These values may be compared with AH^ = -9.5 kcal/mol reported by 
Owen and Amberg^*" from chemisorption studies on a cobalt molybdate 
catalyst. No standard entropy values for the chemisorption of 
thiophene and hydrogen sulphide are available in the literature at 
present. However, thh entropy values given in Table 4.6 follow the 
rules of entropy analysis proposed by Boudart**, outlined in 
section 4 .3 (a).
A comparison of the enthalpy and entropy values given in Table 4.6 
with those derived from kinetic models proposed by earlier workers and 
reviewed in Chapter 1, Table 1.4, is not very helpful, because the 
values depend mainly on the kinetic models employed.
A comparison between a power law model and models 3 and 5 with 
n = 1 was not possible in the present work because the kinetic data 
collected did not allow formulation of a general power law rate ex­
pression for the hds reaction. However, the average order of 
reaction, 0.52 and -0.41, obtained from the two separated power law 
equations for thiophene and hydrogen sulphide respectively, are within 
the range 0 to 1 for thiophene and - 1 to 0 for hydrogen sulphide, as 
indeed predicted'by models 3 and 5. The apparent activation energy 
of 56.4 and 64.4 kJ/mol derived from the power law models given in 
Table 4.2 are comparable to 80 and 77 kJ/mol obtained from models 3 
and 5 respectively. To summarise, the kinetic expressions given by 
models 3 and 5 (with n = 1) are found to describe reasonably well the 
rate of reaction for thiophene hydrodesulphurisation.
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Nevertheless, it should be pointed out that the form of kinetic 
expression may not be proof of the particular mechanism, since similar 
rate expressions can be formulated by assuming different mechanisms.
For example, model 3 (n = 1) could be derived by assuming an Eley-Rideal 
mechanism or could be regarded as a special case of the original model 
5 (Table 4.4) by assuming that hydrogen chemisorption occurs at a site 
different from that used by thiophene and that its coverage is very low 
(K^Pr «  1). In spite of this, it is worth noting certain character­
istics of models 3 and 5. Both models imply that one point is required 
for thiophene adsorption and this agrees with the suggestion put forward 
by Lipsch and Schuit^* that adsorption of thiophene occurs via the 
heteroatom on an anion vacancy of reduced M0 O3 . Nicholson^^* however, 
observed that thiophene can adsorb by using either one or more points, 






(1) Catalytic activity studies
(a) Lithium addition to a cobalt-molybdate catalyst was found to 
affect the reducibility of molybdenum. The catalytic activity towards 
thiophene desulphurisation correlates well with the reducibility of 
molybdenum. Hence the results presented in this investigation give 
further support to the idea that the desulphurisation reaction is 
associated with molybdenum. It was also found that the species Mo^^^ 
is an active species in the hds reaction. The results of physico­
chemical characterisation were found to be useful in elucidating the 
effect of structural properties of the catalyst on its activity.
(b) Two types of isomérisation reaction of the hydrocarbon occurring
simultaneously with the desulphurisation reaction of thiophene, may be 
associated with the strength of Lewis type acidic sites. The strong 
acidic sites are probably responsible for the isomérisation reaction 
between but-l-ene and but-2.ene, while the weak acidic sites are 
related to the C'ts-but-2-ene trons-but-2-ene isomérisation.
(2) Reaction kinetic studies
(a) Two rate expressions for the hydrodesulphurisation reaction of 
thiophene were found to describe the kinetic data over the range of 
experimental conditions investigated. These are:
^ (1 + K.P. + K P ) I ' /t t s s
and
kPt
(l + K P  + K P )  (^^2)
t t s s
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Thiophene and hydrogen sulphide were found to inhibit the rate 
of reaction significantly.
(b) Both models support the view that thiophene adsorbs V'ta the 
heteroatom on a vacant site of reduced MoOs. The nature of hydrogen 
adsorption is still not clear - whether it is chemisorbed (low or 
high coverage) or does not adsorb-at all.
5.2 Recommendations
(1) Further physico-chemical studies might be undertaken in order to 
investigate whether the cobalt in the series of catalysts is affected 
by lithium addition. Such studies may indirectly lead to an under­
standing of the promoting role of cobalt in the cobalt-molybdate 
catalysts.
(2) In order to obtain a unique model for a kinetic expression for the 
hds of thiophene, the dependence of the rate on the hydrogen partial 
pressure should be studied more carefully. This could be achieved 
either by studying the dependence of the rate expression on the total 
pressure, or by varying the hydrogen pressure independently of thiophene 
and hydrogen sulphide partial pressure over a wide range of conditions.
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Li/Co ratio C Vj^  BET surface area
(m=/g)
0.0 525 38.1 166
1.63 569 35.1 153
3.26 586 34.1 149
4.89 296 33.8 147
6.53 284 35.2 153
8.48 358 27.9 122
9.78 289 17.3 75
11.43 401 12.5 54
13.06 311 16.1 70
Appendix A-4 Result of the BET equation for the lithium 
containing cobalt molybdate catalyst series
- 172 -






% Pore volume associated 
with radii less than r^.
0.887 201.99 92.8 12.31 0.11 99.85
0.866 198.69 78.3 11.57 1.92 97.70
0.831 191.90 62.72 10.64 6.81 93.06
0.797 180.41 52.23 9.94 16.91 85.10
0.758 164.45 43.78 9.29 34.43 73.50
0.711 145.52 36.74 8.67 59.98 59.30
0.680 124.18 33.20 8.33 93.51 42.50
0.639 106.34 29.29 7.92 124.30 28.83
0.605 89.40 26.75 7.63 157.67 15.32
0.562 76.24 23.97 7.29 183.79 5.84
0.508 67.35 21.11 6.90 198.21 1.24
0.453 61.77 18.77 6.56 202.69 0
(a) Catalyst with Li/Co = 0
0.883 189.93 89.85 12.15 0.14 99.82
0.862 194.60 76.53 11.47 2.58 96.97
0.830 186.94 62.27 10.62 8.06 91.78
0.802 172.74 53.62 10.03 20.29 81.75
0.778 152.55 47.69 9.60 40.42 67.11
0.734 130.71 39.79 8.95 66.74 51.13
0.690 110.57 34.21 8.43 95.51 36.09
0.652 91.61 30.35 8.04 127.02 21.51
0.608 75.96 26.98 7.65 155.11 9.96
0.563 62.70 24.02 7.29 181.06 0.46
0.497 56.82 20.53 6.82 182.54 0
(b) Catalyst with Li/Co = 1.63 
Appendix A-5 Pore size distribution
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P/Po ZV/W r t ES
% Pore volume associated
' s c with radii less than r^
ml/g STP A A m2 /g
0.853 167.41 72.52 11.23 0.38 99.48
0.834 163.38 64.05 10.72 3.20 96.13
0.801 156.29 53.34 10.02 9.36 90.02
0.770 143,38 46.01 9.47 22.89 78.45
0.729 128.18 39.13 8.89 42.04 64.53
0.704 111.64 35.82 8.59 65.75 48.75
0.659 100.14 31.06 8.11 83.18 38.70
0.620 83.73 27.87 7.75 114.43 22.51
0.574 70.45 24.60 7.37 141.57 10.11
0.523 60.60 21.91 7.01 161.58 1.96
0.464 55.19 19.17 6.62 166.81 0.10
0.409 51.70 17.18 6.30 167.12 0
(c) Catalyst with Li/Co = 3.26
0.871 180.03 81.0 11.72 0.56 99.22
0.854 176.53 72.96 11.25 2.65 96.62
0.826 189.63 60.49 10.48 7.75 91.33
0.798 157.25 52.51 9.96 18.72 81.46
0.764 140.42 44.80 9.38 36.68 67.68
0.715 121,79 37.28 8.72 61.07 52.11
0.667 103.05 31.88 8.19 90.64 35.11
0.624 86.39 28.17 7.79 120.93 21.35
0.589 70.03 25.56 7.49 155.4 6.35
0.528 61.27 22.17 7.05 168.38 1.35
0.467 55.82 19.28 6.64 172.37 0.027
0.413 52.34 17.32 6.32 172.47 0
(d) Catalyst with Li/Co = 4.89
Appendic A-5 Pore size distribut ion
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ml/g STP Â A m2 /g
0.831 130.08 62.7 10.64 0.12
0.817 127,27 57,8 10.33 2.37
0.745 122.30 41.6 9.10 8.25
0.716 114.81 37.4 8.73 18.61
0.692 103.57 35.0 8.51 35.69
0.640 86.20 29.0 7.97 68.70
0.591 70.47 26.0 7.52 101.36
0.532 63.14 22.4 7.07 114.47
0.472 57.91 19.5 6.67 122.70
0.417 54.28 17.3 6.45 131.42
% Pore volume associated 











(e) Catalyst with Li/Co = 6.53
0.869 160.29 79.6 11.65 0.11 99.84
0.852 155.06 72.1 11.20 3.28 95.35
0.817 146.94 57.8 10.33 9.63 88.16
0.788 130.12 49.6 9.75 25.68 72.56
0.756 111.31 43.4 9.26 46.57 54.76
0.710 90.55 36.6 8,66 74.30 34.86
0.670 70.24 32.1 8.21 106.24 14.76
0.602 58.20 26.5 7.60 124.42 5.31
0.530 50.85 22.2 7.05 133.46 1,37
0.462 46.42 19.1 6.61 135.93 0.45
0.407 43.29 17.1 6.28 137.27 0
(f) Catalyst with Li/Co = 8.48
Appendix A-5 Pore size distribution
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0.889 113.38 94.1 12.35 6.25
0.878 109.09 86.1 11.98 2.34
0.861 101.33 76.1 11.46 6.70
0.841 94.14 67.0 10.89 13.97
0.812 74.60 57.7 10.32 26.02
0.763 51.82 44.8 9.38 49.66
0.688 39.58 34.87 8.51 64.50
0.593 31.96 25.75 7.49 72.72
(g) Catalyst with Li/Co = 9.78
% Pore volume associated 









0.882 51.76 89.1 12.12 0.45 97.46
0.869 48.82 80.0 11.67 2.01 89.58
0.838 42.95 65.8 10.83 5.92 73.32
0.802 32.99 53.6 10.04 14.43 44.35
0.716 23.65 37.4 8.73 25.97 16.91
0.601 18.65 26.4 7.59 33.15 4.84
0.511 15.14 21.3 6.92 36.66 0.14
0.438 15.05 18.2 6.47 36.78 0
(h) Catalyst with Li/Co = 11 .43
0.888 103.66 93.6 12.35 0.36 98.94
0.878 100.06 86.1 11.98 2.12 94.25
0.857 92.06 72.3 11.33 6.62 84.13
0.840 78.60 66.7 10.88 15.48 65.71
0.814 65.27 57.0 19.27 25.86 47.28
0.771 51.31 46.2 9.49 39.40 27.79
0.711 36.21 36.7 8.67 58.34 6.11
0.611 29.73 27.2 7.68 64.54 0.87
0.522 26.55 21.8 7.00 65.8 0
(i) Catalyst with Li/Co = 13 .06
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Estimation of errors involved in taéasureménts of the rate of reaction 
Consider the observation y to lie within the range y* = y ± 6y, 
where y* is the worst determination and 6y is the absolute error. Let 
us now consider y as a function of dependent variables , X2 ,.., X^
y = f(Xi, X2 ,  Xn) B-1
In general the differential of the function y can be written as:
dy = E dx^ B-2
Now the worst possible value of dy will occur when all the terms on the 
right-hand side of equation B-2 are either positive or negative. Therefore 
equation B-2 can be rewritten as
^ 18y I6y = E 6x: B-3
i=i
Usually the experimental errors are reported as a percentage of relative 
error and defined as:
y y%_^'9xi' i x 100 B-4
where the term —  is the relative error in the observation y.
y
Example: In this research the rate of reaction was computed by using
equation 4-22 written as:
' ■
where is the molar flowrate of thiophene, X is the 
conversion measured in a differential reactor and W is the 
mass of catalyst used. By applying equation B7 4 , the error 
involved on the rate r can be assessed as:
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(SF
—  X  100 = [ - ^  + -^ + — ] X 100 
r X W
p
The errors in ~z— , ~  and were assessed from the equipment used.
r ^  A  W
They are weighed values of 0.03, 0.03 and 2 x 10“* respectively. The 
latter value was much smaller than the other two values and therefore 
was neglected. Hence the overall error involved in measurement of 
the rate of reaction is;
~  X 100 = 6%
r
NB The rates of reaction reported in Appendix B-2 are not consistent 
with the error involved on the rate of reaction. Therefore care 
should be taken in reading these rates from pages 179-186. For 
example, a rate r = 18.49 x 10“  ^ should be read as
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